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Light-induction
of the Synechocystis PCC6803 secA gene
involves promoter remodelling
S. BULTEAU (l), K. MAZOUNI(I),
C. CASSIER-CHAUVAT (1) (2), F. CHAUVAT (1) *
(l) SBGM bat. 142,
(2 )URA 2096 CNRS, DBCMIDSV,
CEA Saclay F91191 Gif-sur-Yvette Cedex, France
* Corresponding author (chauvat@jonas.saclay.cea.fr)
The CUITent prokaryotic paradigm for protein translocation is based on the
sec apparatus in the enterobacterium Escherichia coli where the essential
secA gene product (Berghofer et al., 1995) recognizes proteins to be exported
via an amino-terminal signal peptide. Then the SecA ATPase activity cata-
lyzes precursor protein movement across the inner cell membrane (for review
see Curtis & Martin, 1994). Under normal, protein export-proficient condi-
tions, SecA protein autogenously represses its own translation through bin-
ding to the secretion response element which overlaps the secA ribosome-
binding site on geneX-secA-mutT polycistronic rnRNA (Dolan & Oliver,
1995; Gray, 1989; Hidalgo & Demple, 1997). In contrast, secA expression
is derepressed by approximately lO-fold when protein export is blocked
(Hidalgo & Demple, 1997).
Although secA was found recently in the genome of (i) cyanobacteria i.e.
prokaryotic organisms which possess a plant-like photosynthetic apparatus
and are regarded as the progenitor of plastids (Kumar et al., 1993), (ii) algal
platids (Link, 1996; Marraccini et al., 1993), and (iii) plants nuclei (McNicho-
las et al., 1997; Mermet-Bouvier & Chauvat, 1994; Nakai et al., 1994), very
little is known conceming the function and the regulation of secA in photo-
synthetic organisms. Therefore, we have undertaken the analysis of the secA
gene in the widely-used unicellular cyanobacterium Synechocystis PCC6803
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(Synechocystis) which is amenable ta gene manipulation (Negre et al., 1998;
Poncelet et al., 1998). We report here that the single capy gene secA is essen-
tia1 to Synechocystis, as occurs in E. coli (Berghéifer et al., 1995). Hopefully,
the recently developed plasmid shuffling procedure (Pugsley, 1993) for in
vivo mutational analysis of essential genes in Synechocystis should allow a
detailed molecular analysis of the secA function in this host.
We also report that secA is transcribed into a monocistronic mRNA of
about 2,8 kb. which is induced up to four-fold by an increase from low to high
light fluence. To determine whether the light signais for this response invol-
ves photosynthesis, cells were incubated with or without 3-(3,4-dichloro-
phenyl)-l,l-dimethylurea (DCMU), an inhibitor of photosynthetic electron
transport. DCMU prevented the normallight response by blocking reaccumu-
lation of secA transcripts when dark-adapted cells were returned to the light.
Because NADPH can be obtained either from photosynthetic electron trans-
port or from glucose metabolism, and the disappearance of secA transcript
under darkness was avoided by using glucose, it was concluded that effect on
secA mRNA levels might be due to the availability of reducing power and not
to the light per se.
In accordance with the hypothesis that plastids are of endosymbiotic ori-
gin, the chloroplast-encoded RNA polymerase is most similar to the cyano-
bacterial enzyme in having two subunits that correspond to the E. coli P'
subunit (Salavati & Oliver, 1995). Furthermore, chloroplast promoters utili-
zed by this enzyme in harboring 0?ü E. coli-like promoters consisting of - 35
and - 10 consensus elements (Salavati & Oliver. 1995) are similar to cyano-
bacterial promoters which have yet ta be analysed through mutation (Schmidt
et al., 1988). Thus, one of the aim of this study was to analyze in detail the
core-promoter elements of the Synechocystis secA gene and to determine
whether they were separable from signais that conferred light-responsive
expression. Portions of the secA 5' region were transcriptionally fused ta the
cat reporter gene of the promoter probe plasmid vector pSB2A which replica-
tes autonomously in Synechocystis at 10 copies per œil, i.e. at one copy per
chromosome equivalent (Negre et al., 1998), and analyzed in vivo. Ail pro-
moter fragments assayed were cloned at the same unique restriction site
(SnaBI) of the promoter probe vector pSB2A. This approach, and the utiliza-
tion of highly stereotyped procedures for culturing œlls prior to CAT assay of
promoter activity, yielded precise data with very small fluctuations between
experiments. Comparisons of plasmid DNA yields isolated from cyanobacte-
rials reporter strains and of the efficiency of back transformation ta E. coli
suggested there was no difference in plasmid copy number in Synechocystis.
In addition, primer extension experiments were conducted in parallel with
RNA isolated from this reporter strain, and from wild type cells as a control,
ta verify that transcription of the secA-cat fusion gene was initiated from the
same site as in the native secA gene, as expected.
The 3-fold high-light induction of CAT-activity driven by the whole secA
promoter region (- 361 to +187) was of the same magnitude that the four fold
accumulation of secA transcript detected by Northern blot, showing that light
induction truly occurs at the level of transcription.
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Figure 1. Model for regulation of the secA gene. The DNA motifs are shown as
boxes and the transcription start site is indicated as +1. Transcript levels are repre-
sented by the number and the thickness of the rightward arrows.
The transcriptional control region of the secA gene consists of 4 discrete
components: the basic promoter (BP, - 71 ta +47) unaffected by light inten-
sity and three cis-acting regulatory elements with no intrinsic promoter acti-
vitY which ail modulate the strength of BP only in their native position and
orientation. The positive element (POl> - 361 to - 71) upstream of BP stimu-
lates BP-activity about two fold, irrespectively of light intensity. Similarly,
the negative element (NE, +47 to + 117) downstream of BP (i.e. in the
untranslated leader region) decreases about 6-fold the strength of BP-strength
in a light-independent way. In contrast, the stimulatory element (P02, + 117,
to + 187) behind NE (i.e. overlapping with the beginning of the secA coding
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sequence) can sense light since it does stimulate BP activity by a factor of 1.5
and 3.2 under low light and high light, respectively. Interestingly, the positive
effect of the POz element overcome the negative influence of the NE-element
which, in tum, dominates POl-stimulation.
Further deletion analysis of the secA basic promoter indicated that the 5'
and 3' boundaries mapped to positions -54 and +5. This core promoter
contains a TGtTAagAT motif resembling an extended E. coli cr70-type - 10 ele-
ment of consensus sequence TGnTATAAT, located at the canonical distance
(i.e. 7 nucleotides) from the transcription start point. In E. coli, all of the con-
tacts between promoters lacking a -35 box and cr7o-containing RNA polyme-
rase holoenzyme occur at this extended -10 region (Valentin, 1997, 1993). By
contrast, the Synechocystis secA promoter also possesses a TTGAat hexamer
similar to canonical E. coli - 35 (TTGACA) boxe, which was not located at
the correct distance (i.e. 17 bp) from the - 10. Site-directed mutagenesis analy-
sis of these elements demonstrated that the sequence of both the - 35 and the
- 10 boxes is critical for secA promoter activity whereas the sequence of the
spacer region is not important. We have also examined the effect of changing
the spacing between the - 35 and - 10 regions of the promoter, and found that
maximum promoter activity was seen with the canonical distance (i.e. 17 bp).
Interestingly, the mutant secA promoter with the 17 bp spacer length has
gained the ability of being induced by light similarly to the full secA promoter
region. To our knowledge this is the first report on the mutational analysis of
the core promoter of a cyanobacterial gene, and the first evidence that light-
responsiveness can be achieved through alteration of the spacing between the
- 35 and - 10 promoter boxes.
Collectively our results suggests (figure 1) that light induction remodels
the unusual configuration of the wild-type secA promoter into a highly active
form. probably by compensating for the suboptimal (too long) distance (i.e.
30 nucleotides) between the - 10 and - 35 elements, in a way similar to what
occurs in E. coli for the redox control of soxS promoter by activated soxR.
This could be mediated through DNA looping resulting from binding of
trans-acting factor(s) onto the cis-acting regulatory elements which flank the
secA core promoter.
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The cytochrome b6f complex
of Chlamydomonas
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CNRS UPR 1261, Institut de Biologie Physico-Chimique.
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The unicellular green alga Chlamydomonas reinhardtii is a model system
for the study of photosynthesis and of chloroplast biogenesis. Chlamydo-
monas has one large single chloroplast with a photosynthetic apparatus simi-
lar to that in higher plants. Chlamydomonas can grow (doubling time of 10 h)
without photosynthesis on acetate as a carbon source by the respiration in the
mitochondria. Gene transformation occurs mainly by homologous recombi-
nation in the chloroplast and heterologous recombination in the nucleus.
Chlamydomonas offers an interesting situation for the study of the cyto-
chrome b6f complex because it is not required for its growth, which is not the
case for the majority of prokaryotes in which the cytochrome complex is also
part of the respiratory chain. The cytochrome b6f complex plays a central role
in the photosynthetic electron transfer chain between photosystem II and 1; it
couples translocation of protons across the membrane to oxidation of
lipophilic electron carriers (quinols) and reduction of small hydrophilic pro-
teins (plastocyanin or cytochrome c6)' via the cytochrome b pathway and the
Fe2S2 and cytochrome f pathway.
CHARACTERIZATION OF CYTOCHROME bd SUBUNITS:
3 SMALL HYDROPHOBIe SUBUNITS
The cytochrome b6 f complex of Chlamydomonas comprises 7 subunits
(Fig. 1). The four large subunits are in al: 1: 1: 1 ratio. Cytochrome f, cyto-
chrome b6 and subunit IV are encoded by chloroplast genes (Büschlen et al.,
Bulletin de l'Institut océanographique. Monaco, n° spécial 19 (1999) 7
PLANKTON MICROORGANISMS WORKTEAM
1991). The Rieske iron-sulfur protein is encoded by a nuclear gene (de Vitry,
1994). The cytochrome b6f complex contains three transmembrane subunits
of 10w molecular weight, the products of the chloroplast genes petG (Berthold
et al., 1995) and petL (Takahashi et al., 1996) and of the nuclear PetM gene
(de Vitry et al., 1996; Ketchner & Malkin, 1996).
lumen
stroma
thylakoid
membrane~~~~~
PetG
4 kDa
C
Figure 1. Topology of the cytochrome b6f subunits. Cyl. f and Rieske protein are
reproduced from cristallographie data on homologous proteins (Martinez et al.,
1994; Iwata et al., 1996). The N-teroùnal helix of the Rieske protein is perhaps ?
placed at the membrane surface.
Active cytochrome b6 f complex of Chlamydomonas can be purified and
shows comigration of these small subunits (Pierre et al., 1995). N-terminal
sequencing of the 4 kDa band revealed this comigration and allowed to cha-
racterize a new subunit PetM. Anti-PetM recognized a band present in the
isolated complex and absent in a bddeficient mutant. This antibody was used
to show that PetM is an intrinsic protein. It is not extracted by chaotropic
treatments and is always found in the pellet as other intrinsic subunits such as
subunit IV. The C-tenninus of PetM is probably located in the stroma as that
of PetG, as detected by immunostudies and PetM sequence, was determined
(de Vitry et al., 1996). The 3 small hydrophobic subunits have no known
cofactors. Deletion of PetG drastical1y destabilized the complex in Chlamy-
domonas (Berthold et al., 1995), allowing only a few percent of accumulation
of the other b6f subunits, while the deletion of PetL also in Chlamydomonas
allowed up to 50% of accumulation of the other bd subunits (Takahashi et
al., 1996).
The genome of the cyanobacteria Synechocystis strain PCC6803, which has
been totally sequenced, contains the PetG (most conserved subunit compared
to Chlamydomonas) and PetM subunits but lacks PetL (Table 1), confirming
the secondary role of the latter.
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Table 1. Cornparison of cytochrorne b6f srnall subunits
of Chlamydomonas and Synechocystis.
PetG Chlamydomonas reinhardtii
MVEPLLCGIVLGLVPVTIAGLFVTAYLQYRRGDLATY
PetG Synechocystis PCC6803
VIEPLLLGIVLGLIPVTLAGLFVAAYLQYKRGNQFNLD
PetL Chlamydomonas reinhardtii
MLTITSYVGLLIGALVFTLGIYLGLLKVVKLI
PetM Chlamydomonas reinhardtii
GEAEFIAGTALTMVGMTLVGLAIGFVLLRVESLVEEGKI
PetM Synechocystis PCC6803
MTAESMLANGAFIMIGLTLLGLAWGFVIIKLQGSEE
HEME-BINDING TO CYTOCHROME b6
IS ASSISTED BY NUCLEAR FACTORS
The cytochrorne b6f cornplex comprises two nuclear-encoded subunits the
Rieske protein and PetM; in addition, several nuclear factors affect expres-
sion of a single chloroplast gene and rnainly in a post-transcriptional way
(Table II). 13 nuclear factors have been characterized in the expression of
chloroplast genes of the cytochrorne b6f cornplex. Four of thern are irnpli-
cated in the c-herne-binding to cytochrorne f and cytochrorne c6, a cyto-
chrome which is expressed in absence of copper. Cytochrorne f and
cytochrorne c6 each bind covalently one herne of type c by thioether linkages
between the sulfhydryl groups of two cysteine residues of the protein and the
vinyl groups of the tetrapyrrole ring of the herne. Il was expected that as in
bacteria or rnitochondria several factors would catalyze this covalent herne
binding. In contrast, it was unexpected that cytochrorne b6 (PetE) which binds
two b hernes considered as non-covalent bound would irnplicate several
nuclear factors in its herne-binding (Kuras et al., 1997).
Table II. Nuclear loci participating in the expression of the chloroplast pet gene
(Girard-Bascou et al., 1995; Gumpel et al., 1995; Kuras et al., 1997;
Inoueetal., 1997; Xie etaI., 1998).
Nuclear loci Function
CCSl,CCS2, CCS3, CCS4 c-heme attachment
CCBl, CCB2, CCB3, CCB4 b-herne attachrnent
MCAl stability/rnaturation ofpetA rnRNA
MCBl stability/rnaturation ofpetB rnRNA
MCDl stability/rnaturation ofpetD rnRNA
MCCl stability/rnaturation ofpetC rnRNA
TCAl translation ofpetA rnRNA
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Cytochrome b6 is more resistant than cytochrome b to denaturating condi-
tions. Therefore we tried more drastic conditions of denaturation. We were
surprised to find that part of the heme-binding to cytochrome b6 was resistant
to an acetone acid treatment which is classically used to extract b hemes
(Ascoli et al., 1981), suggesting that one of two b-hemes of holocytochrome
b6 is tightly bound to the polypeptide. We exploited this property to define a
pathway for the conversion of apo- to holo-cytochrome b6, and to identify
mutants that are blocked at one step of this pathway.
Chlamydomonas reinhardtii strains carrying substitutions in either one of
the four histidines which coordinate the bh or b l hemes to the apoprotein were
created. These mutations resulted in the appearance of distinct immunoreac-
tive species of cytochrome b6, which allowed us to specifically identify cyto-
chrome b6 with altered bh or b l Iigation. In gabaculine-treated wild type and
site-directed mutant strains (i.e. heme-depleted, gabaculine is an inhibitor of
the tetrapyrrole biosynthetic pathway), we established that (i) the single
immunoreactive band, observed in strains carrying the bi-site directed muta-
tions, corresponds to apocytochrome b6 and (ii) the additional band present in
strains carrying bh-site directed mutations corresponds to a b,-heme-depend-
ent interrnediate in the formation of holocytochrome b6.
Five nuclear mutants (ccb strains) which are defective in holocytochrome
b6 formation display a phenotype which is indistinguishable from that of
strains carrying site-directed bh-ligand mutants. The defect is specific for
cytochrome b6 assembly because the ccb strains can synthesize other b-cyto-
chromes and ail c-type cytochromes. The ccb strains, which define four
nuclear loci (CCBI, CCB2, CCB3, and CCB4), provide the first evidence that
ab-type cytochrome requires trans-acting factors for its herne-association.
A schematic view of the conversion of the apo- to holocytochrome b6 is
presented in Fig. 2 with the following steps: A) membrane integration of
A
~ lower
~heme
~B
gaba-
culine
upper
lower
ŒJhemel.-C
CCB1
CCB2
CCB3
CCB4
diffuse
D
---asso-
ciation
with
other
be (
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stable
Figure 2. Schematic pathway of the conversion of apo- to hoJo- cytochrome b6 and
cytochrome b6 patterns after urea/SDS-PAGE. A) membrane insertion occurs even
in the absence of heme binding. B) formation of a bl-heme-dependent intermediate
is prevented by gabaculine. C) formation of bh- and bl-binding holocytochrome b6
requires CCB factors. D) hoJocytochrome b6 accumulates in a concerted process
with other bdsubunits (Kuras et al.. 1997).
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apocytochrome b6 occurs even in absence of heme association, B) formation
of a b]-dependent intermediate can be prevented by gabaculine treatment, C)
bh heme binding to bl intermediate requires Ccb-encoded trans-acting factors, D)
holocytochrome b6 accumulates in a protease resistant form, upon association
with the other b6f subunits (Kuras et al., 1997).
NUCLEAR MUTANTS OF THE FE2S2 RIESKE PROTEIN
After random mutagenesis of Chlamydomonas, mutants deficient in the
Rieske protein were screened. The deficience of Rieske iron-sulfur protein
prevented electron transfer to cytochrome f, but allowed assembly and accu-
mulation of 50 to 75% of the other subunits in a cytochrome b6 f subcomplex.
Rieske deficient mutants affected directly in the PetC gene were identified, as
indicated by the WT phenotype after transformation with the PetC gene and
the genetic analysis by recombination and complementation tests. Such strains
will be used as recipient strains for site-directed mutagenesis of the Rieske
protein. Their complementation will allow us to overcome the very low
frequency of homologous transformation in the nucleus of Chlamydomonas.
In conclusion, the example of the cytochrome b6f complex illustrates the
contribution of C. reinhardtii to the understanding of the genetic expression
and functioning of the chloroplast.
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INTRODUCTION
Cyanobacteria are oxyphototrophic prokaryotes, originally considered as a
class of algae, the blue-green algae. They can be classitied on the basis of mor-
phology, cellular differentiation, biochemical, physiological and genetic crite-
ria. However, assignment to one of the numerous genera (I50) or species
(> 1000) created under the Botanical Code of Nomenclature (which even today
has priority over the Bacteriological Code of Nomenclature for the naming of
validated taxa) is, for lack of living type strains, generally highly subjective.
Morphology, developmental and biochemical parameters may vary with envi-
ronmental or culture conditions. Furthermore, morphological resemblance
may not necessarily reflect genetic relatedness. It is thus necessary to comple-
ment the existing botanical taxonomy by a polyphasic approach that incor-
porates genetic evidence for the validity of the traditional genera or species.
Coding for molecules essential to the life of a cell, the ribosomal operon
(rm operon) is universal (except in viruses) and horizontal transfer of this tran-
scriptional unit has never been shown. It is thus a stable genetic marker, having
among others served to infer the phylogenetic position of cyanobacteria
among the eubacteria (Woese & Fox, 1977). Analyses of the 16S rRNA
(encoded by the rmS gene) also revealed that, in contrast to both unicellular
and filamentous non-heterocystous cyanobacteria, tilamentous heterocystous
cyanobacteria represent a monophyletic cluster (Giovannoni et al., 1988;
Ligon 1991; Robinson et al., 1996; Wilmotte et al., 1992, 1993; Coursin,
unpublished). We investigated for the tirst time two areas of the ribosomal
operon, the rmS gene and the Intergenic Transcribed Spacer (ITS) located
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Table I. Cyanobacterial strains used in this study.
Strain Taxonomie assignment Heteroeysts Properties g Source of Isolate
PCC 7905" AphanizomenonfIos-aquae single F/GV+ Brielse Meer, The Netherlands (1)
PCC 9302 b Anabaena f1os-aquae lacking f F/GV+/NH Lake, near Saskatoon,Canada (2)
PCC 9332" Anabaena f1os-aquae single F/GV+ Lake Windermere, England (3)
PCC 9349 b Anabaena f1os-aquae lacking f F/GV+/N BeaverhiU Lake, Canada (4)
PCC 9215 a Anabaenopsis sp. paired F/GV+ Coastallagoon, Valencia, Spain (1)
PCC 9216 a Anabaenopsis sp. paired F/GV+ Lake Santa OUala, Spain (1)
PCC 9420 c Anabaenopsis elenkinii paired F/GV+ Lake Nakuru, Kenya (5)
PCC 9608 a Anabaenopsis sp. paired F/GV+ Okesund dam, Sweden (8)
PCC 9501 c Cyanospira ripkkae single F/GV+ Soda lake Magadi, Kenya (6)
PCC 9502 c Cyanospira capsulata single F/GV+ Soda lake Magadi, Kenya (fi)
PCC 9350 d Nodularia spumigena single FlGV+/H Baltic Sea, Sweden (7)
PCC 7120" Nostoc/Anabaena Single F/GV- Unknown(l)
PCC 6803< Synechocystis Non hetero- UlGV- Fresh water, Califomia, USA (1)
cystous
aMedium BGlio + NaHC03(10 mM) - bMedium (a) + NaN03 (2 mM) ~ cMedium BGll o + NaHC03
(65 mM)+ Na2C03 (15 mM) - d Medium (a) + artificial seawater (20% v/v, Merck Index 9954) - <Medium BG II
- f Ability to form heterocysts lost - g F: cyanobacteria with filamentous morphology and U: cyanobacteria with
unicellular morphology; GV+: gas vesicles permanent and GV-: strains without gas vesicles; N: neurotoxin and
H: hepatotoxin produced.
(1) Rippka & Herdman, 1992; (2) Mahmood & Carmichael, 1986; (3) Booker & Walsby, 1979; (4) Carmichael &
Gorham, 1980; (5) SchlOsser, 1994; (6) Florenzano et al., 1985; (7) Martin et al.. 1990; (8) Rippka, Unpublished.
between the 16S and 23S rRNA genes, in Il planktonic heterocystous isolates
(Table 1), sorne of which are known to form toxic water-b100ms (Mahmood &
Carmichael, 1986; Carmichael & Gorham, 1980; Martin et al., 1990). We
detennined the 16S rRNA sequences of 5 strains, 3 of which represent genera
for which data were previous1y unavai1ab1e. We also demonstrated that RFLP
(Restriction Fragment Length Po1ymorphism) of the rrnS amplicons has a
resolution power equivalent to that of sequence analysis of this molecule and
that the strains examined contain multiple operons with ITS of variable size.
MATERIALS AND METHODS
Cyanobacterial strains
AlI strains studied were axenic; their properties and growth media are indi-
cated in Table I. The non-planktonic filamentous Nostoc PCC 7120 and the
unicelIular Synechocystis PCC 6803 were used as reference strains.
DNA extraction and amplification of the 16S rRNA gene and ITS
The DNA used for PCR amplification was isolated by the mini extraction
method described previously (Cai & Wo1k, 1990). Amplification of the rrnS
gene was carried out by polymerase chain reaction (PCR) using primers A2
and S17 (Table II). The size of the amplicon was 1451 bp versus 1489 bp for
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Table II. Primers used for PCR (16S rRNA genes and ITS amplification)
and sequence determination.
Positions in the Location in the
Primers Sequences (5' ~ 3') a, b rRNAoperon rRNA genes
ofSynechocystis ofSynechocystis
PCC 6803 PCC 6803
A2 AGAGTTTGATCCTGGCTCAG 8-27
S3 TACCCCACCAACTAGCTAATC 231-211
317 AGGCAGCAGTGGGGAAT 318-334
S4 CTGCTGCCTCCCGTA 326-311
318 GCCAGCAGCCGCGGTAA 463-479
S6 GTATTACCGCGGCTGCTGG 482-464
S8 TCTACGCATTTCACCGCTAC 650-631
319 RGGATTAGATACCCC 730-744
S9 CTACTGGGGTATCTAATC 749-732
320 GAATTGACGGGGRCCC 863-879 rrnS gene
SlO CCGTCAATTCCTTTGAGTT 873-854 (16S)
SIl TCTCACGACACGAGCTGACG 1029-1010 1489 bp
321 GYAACGAGCGCAACCC 1046-1061
S12 AGGGTTGCGCTCGTTG 1062-1047
S14 CATTGTAGTACGTGTGT 1187-1171
322 TGTACACACCGCCCGTC 1332-1348
S15 CGGTGTGTACAAGGCCC 1354-1338
S17 GGCTACCTTGTTACGAC 1457-1441
t
323 ATTAGCTCAGGTGGTTAG 1637-1655 tRNAiie gene in
373 CTAACCACCTGAGCTAAT 1654-1637 the ITS region
465 bp
+
t
340 CTCTGTGTGCCTAGGTATCC 1999-1979 rrnL gene
(23S)
2883 bp
a R (A or G) and Y (C or T) indicate the simultaneous presence of two bases at the same
position. - b Primers in bold correspond to the RNA-like strand.
the whole gene. The part of the rRNA operon containing the ITS region was
amplified by using the primers 322 and 340. The PCR mixture contained 10 !lI
of Taq commercial buffer, 150 J..lM of each dNTP, 500 ng of each primer and
2.5 U Taq polymerase (Appligène). The total reaction volume was 100 J..lI.
After an initial cycle consisting of 3 min at 95°C, 2 min at 55°C and 30 sec at
nT, 30 cycles of amplification were started (1 min 30 sec at 95°C, 2 min 30 sec
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at 55°C and 3 min at neC). The amplification was finished by 7 min at n°c.
The PCR products were migrated in 2.5% w/v agarose gel (Litex FMC) in Tris
Borate buffer at 100 V. The gels were stained with ethidium bromide, visua-
lized under UV light and photographed.
Sequencing of the 16S rRNA gene and ITS region
Three or more independent PCR products were mixed to avoid sequence
errors introduced by the Taq polymerase. After purification by Wizard PCR
kit (Promega), the PCR products were sequenced directly or cloned in the
pGEM-T vector (Promega). Competent E. coli JM109 were transformed and
recombinant plasmid were purified from white colonies by the alkaline
method (Birnboim & Doly, 1979). The two M13 primer sites on the vector
and 21 primers as listed in Table II were used with the T7 sequencing kit
(Pharmacia) to sequence both strands of the rrnS gene and the ITS region.
Restriction Fragment Length Polymorphism of PCR product
corresponding to the rrnS gene
10 III of each PCR product were digested with 10 restriction enzymes
(BanII, BspMI, DdeI, HaeII, NheI, NruI, PstI, Sad, SphI and XcmI) accord-
ing to the manufacturer's instructions. The DNA samples were migrated
under the conditions described above.
RESULTS AND DISCUSSION
Phylogenetic relationships between the heterocystous cyanobacteria
Five new rrnS sequences were determined (PCC 7905, PCC 9215, PCC
9302, PCC 9350 and PCC 9501) and data were aligned in the Arb editor with
complete or partial sequences of 16s rRNA genes previously determined in
this laboratory or obtained from data banks. To infer relationships between
the strains, a tree was constructed by the maximum likelihood method (fast-
DNAml V1.0; Olsen et al., 1994) and was midpoint rooted (Microcystis PCC
7806 and Leptolyngbya PCC 7376 as outgroup) by the Retree programme
(PHYLIP V3.5; Felsenstein, 1993). The planktonic strains studied form a
cluster among the monophyletic branch of heterocystous cyanobacteria
(Fig. lA) and are divided into 3 subgroups. One is composed of Anabaena
and Aphanizomenon, a second contained Anabaenopsis and Cyanospira and
the third corresponding to the genus Nodularia. Anabaena PCC 7122 is
closely related to this cluster but is not a planktonic organism. These phylo-
genetic relationships determined with the 16S rRNA sequences are in agree-
ment with the morphological characteristics of the strains.
The second study was based on fingerprinting or Restriction Fragment Length
Polymorphism (RFLP) of the PCR product corresponding to the rrnS gene.
AlI Il strains were examined and Nostoc PCC 7120 was used as control
of restriction profiles. Depending on the restriction enzyme employed, the
patterns were composed of 1 to 8 bands between 1451 bp to less than 50 bp
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Figure 1. a. Phylogenetic tree based on the cyanobacterial 16S rRNA sequences.
b. Dendrogram based on the RFLP profiles of the rrnS gene PCR products.
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(data not shown). To evaluate the discriminatory power of this method, we
constructed a matrix recording the presence or absence of every restriction
band. The data set was analysed by both distance (RAPDistance V 1.04) and
parsimony (PAUP V 3.0); (Swofford, 1992) methods. The phylogenetic tree
derived from the analysis (Fig. lB) is largely consistent with that obtained
with the 16S rRNA sequences. Anabaenopsis and Cyanospira are resolved as
two distinct genetic entities but are closely related. Anabaena fios-aquae and
Aphanizomenon fios-aquae are separated on a different branch. Nodularia
spumigena PCC 9350 and Nostoc PCC 7120 also represent distinct genetic
units, but their position in the tree differs from that obtained by sequence
analysis. RFLP with the 10 restriction enzymes used thus confirms the taxo-
nomie assignments of the Il planktonic strains to 5 different genera. Lyra et
al. (1997) have also demonstrated the value of this technique in a study based
on 7 enzymes which separated a number of hepatotoxic heterocystous strains.
However, they were unable to separate Aphanizomenon sp. from the bloom-
forming neurotoxic Anabaena strains examined. The judicious choice and
number of restriction enzymes is therefore essential to achieve the desired
level of taxonomie resolution.
Study of the number and size of the Intergenic Transcribed Spacer (ITS)
The ribosomal operon organization is variable between organisms but is
generally composed of 5 successive domains: rmS gene (16S rRNA), ITS
region, rmL gene (23S rRNA), ITS region, 5S rRNA gene. The ITS region
may be of variable size, as shown for Corynebacterium (Aubel et al., 1997),
Streptomyces (Hain et al., 1997) and certain heterocystous cyanobacteria (Lu
et al., 1997). The set of primers 322-340 (located respectively around 150 bp
before the 3' end of the rmS gene and at the beginning of the 23S rRNA gene)
used to amplify the ITS gave 3 or 4 bands of different intensities ranging in size
from approximately 460 to 890 bp for ail 12 heterocystous strains studied
(Fig. 1b). These observations indicate a size variation among the ITS of a
single cyanobacterial strain whose ribosomal operons therefore have a differ-
ent organization. In contrast, only one product was observed with the unicel-
lular strain Synechocystis PCC 6803. The heterogeneity of the bands (size and
number) confirms the groupings obtained by RFLP analysis, allows to further
subdivide the genus Anabaenopsis into 2 groups and clearly separates ail
3 isolates of Anabaenafios-aquae.
CONCLUSION
The planktonic strains examined, together with the non-planktonic Ana-
baena cylindrica PCC 7122, form a distinct cluster within the clade of fila-
mentous heterocystous cyanobacteria. Interestingly, this cluster harbours only
strains that do not exhibit a developmental cycle involving hormogonium for-
mation. In addition, the subcluster composed of Anabaena fios-aquae, Apha-
nizomenon fios-aquae and Nodularia spumigena regroups representatives of
species often known to be toxic (producing either neurotoxins, hepatotoxins,
or both). Our results will therefore be important not only for the taxonomy of
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planktonic heterocystous cyanobacteria but also for the development of mole-
cular tools for the rapid identification of potentially toxic members of this
group.
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INTRODUCTION
The unicellular green alga Chlamydomonas reinhardtii is well known to be
readily synchronized by altemating lightJdark cycles. Synchronized cultures
have been extensively used in the past to study cellular biosynthesis and regu-
lation. However, despite the considerable number of studies reporting the use
of lightJdark synchronized cells of Chlamydomonas reinhardtii, the exact
extent of this synchrony has never been assessed. The techniques employed
to measure DNA, RNA and protein content gave only global information
and did not allow to know the exact state of the cells nor to precisely estimate
the degree of synchrony (Kates et al., 1968; Lien & Knutsen, 1976). To our
knowledge, the degree of synchrony has never been controlled with more
precise techniques such as flow cytometry.
In this paper we report the analysis by flow cytometry of lightJdark "syn-
chronized" cells from the cell-wall-less strain CW1S of Chlamydomonas rein-
hardtii. The evolution of the nuclear DNA content has been followed during
the cell divisions in order to estimate the degree of synchrony of these cells.
EXPERIMENTAL PROCEDURES
Chlamydomonas reinhardtii cell-wall-less strain CW1S (137c, mt+, cwlS) was
grown in a photoautotrophic minimal medium. The cultures were continuously
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stirred, bubbled with 5% CO2 and maintained at 28°C. Synchronization was
obtained by alternating periods of light and dark (l2h/12h). Light intensity
was 300 ~E/m2sec at the level of the culture. Cells were allowed to synchro-
nize for three cycles and the fourth one was observed. Cell growth was moni-
tored by counting the cells in a hemocytometer as described in Harris (1989).
Nuclei were isolated from cells collected every 15 minutes.
For DNA measurements the nuclei suspension was stained with the
Hoechst 33452 dye and analysis was performed on a FACS Vantage (Becton-
Dickinson, Le-pont-de-Claix, France) sorter. FLi-Height and FLI-Area were
collected through a 424/44 nm band pass tilter.
RESULTS AND DISCUSSION
Degree of synchrony determined by cell counting
We have examined the growth curve of the CW 15 strain in our culture con-
ditions by manual counting in a hemocytometer (Fig. 1). Cell divisions were
restricted to a few hours around the light to dark transition with a 5-fold
increase of the cell number. This growth ratio may result from an average of
two to three consecutive divisions per cell. The growth curve observed tits
that usually described in the literature for synchronized cells.
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Figure 1. Growth curve of "synchronized" Chlamydomonas reinhardtii CW 15 cells.
Alternating light/dark cycles of 14 hl10 h were applied.
Degree of synchrony determined by ftow cytometry
During the light period cells appeared to be in 01 phase (Fig. 3a). When
divisions started, the peak corresponding to 01 phase nuclei decreased while
nuclei with DNA content corresponding to Sand 02 phases increased
(Fig. 3b). During the 6 hours of active division, the DNA content of the nuclei
appeared to be balanced between the three phases of the cell cycle, namely
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Figure 2. Percentage of cells in the G2+M phase as determined by computer analysis.
Cell number was monitored during the fourth cycle of synchronization.
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Figure 3. Flow cytometric analysis of the cell cycle. The histograms represent the
DNA content of the nuclei (a) just before division, i.e. 12 h 30 after the start of the
light period, (b) during the division phase, i.e. 1 h 00 after the start of the dark period
and (c) at the end of the division phase, i.e. 6 h 00 after the start of the dark period.
G l, Sand G2. At the end of the divisions, the DNA content showed that the
cells returned to G 1 phase (Fig. 3c). Modifications of culture conditions
including photoperiod, light intensity, density of the cells and temperature did
not result in improved synchrony.
Computer analysis
A computer analysis allowed to visualize the evolution of the percentage
of cells in G l, Sand G2 phases. During these 6 hours cells divided 2.25 times
but curves corresponding to Gland S phases did not clearly show the two or
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three peaks expected for highly synchronous cells. However, these peaks
were more obvious in the G2 curve (Fig. 2). Strikingly, the exact time of 1 h 15
separated the first peak from the start of the division but also each peak from
the previous one. This strongly suggested that the time required for C. rein-
hardtii CW15 to perform a complete division is 1 h 15. Moreover this result
contradicts the assertion that the G2 phase is not observable in Chlamydo-
monas reinhardtii (Surzycky, 1971). The G2 curve indicates that three divi-
sions occur but the peaks corresponding to cells dividing one or two times are
not observed. The division of these cells might overlap the 3 main divisions
and thus result in the observed asynchrony. Such an overlap between the three
kinds of cells (dividing one, two or three times) had already been observed
when following karyo- and cytokinesis in synchronized cultures (Lien &
Knutsen, 1976). In fact, it is possible that cells perform their divisions syn-
chronously but that the timing of the divisions is different for the three kinds
of cells.
In conclusion, the synchronization of the cell cycle operated by light/dark
cycles is not perfect in Chlamydomonas reinhardtii. Thus, if highly synchro-
nized cells are to be obtained, other synchronization procedures should be
considered. The effects of cell cycle blocking agents, efficient for higher
plants (Planchais et al., 1997), could be tested, particularly in the case of the
cell-wall-less strain CW15 where the incorporation of the drug is facilitated.
Moreover, a wide variety of inhibitors have already been shown to block the
œll cycle of Chlamydomonas reinhardtii (Howell et al., 1975) and their
effect couId be analyzed by flow cytometry. The previously isolated condi-
tional mutants blocked in the cell cycle (Howell & Naliboff, 1973) could also
be interesting to analyze.
The potential for genetic analysis in Chlamydomonas combined to its easy
manipulation by classical microbiological techniques make it a good model
for the study of the plant cell cycle. Promising results have already been
obtained (John et al., 1989). However, to further investigate the molecular
basis of the œIl cycle of this model organism, synchronization procedures
should be modified in order to obtain highly synchronized cells.
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INTRODUCTION
In photosynthetic eukaryotes, light absorbed by chlorophyll mediates post-
translational regulation of enzymes associated with carbon dioxide fixation.
This regulation is effected by the ferredoxin/thioredoxin system, composed of
ferredoxin (Fd), ferredoxin thioredoxin reductase (FTR) and thioredoxins
(TRX) m and f (Jacquot et al., 1997). Once reduced, Fd can transfer its elec-
trons to many acceptors. One of the acceptors is NADP, specifically reduced
by ferredoxin-NADP-reductase (FNR). Photoreduced NADP is the source of
reducing power necessary for photosynthesis. Fd can also transfer its electrons
to small proteins called thioredoxins m and f. In tum, TRXs are able to reduce
specifie disulfide bridges on their target enzymes, thereby converting the
enzyme from an inactive to an active form in the case of biosynthetic enzymes
and to an inactive form in the case of catabolic enzymes. Another class of
TRXs, called the h-type, is located in the cytosol and is reduced by NADPH
through NADPH thioredoxin reductase (NTR). The exact function of these
cytoplasmic TRXs is still largely unknown. However, it has been proposed, on
the basis of studies on yeast, that they could be involved in the response to oxi-
dative stress but also in cclI cycle related processes (Muller, 1991).
The regulation of key carbon fixation enzymes by light through the ferre-
doxin 1thioredoxin system operates at a post-translational leveI. The different
mechanisms underlying these regulations have been studied in detail for several
target enzymes. However !iule is known about the regulation of the genes
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encoding the enzymes related to this system. We have previously isolated the
cDNAs and genes encoding Fd (Stein et al., 1995a), TRX m and h (Stein et
al., 1995b), and FNR (unpublished result).
We report here the detailed analysis of the expression of Fd, TRX m, FNR
and TRX h genes in Chlamydomonas reinhardtii. The effects of several effec-
tors including light, circadian clock, oxidative stress and active cell division
have been investigated. We demonstrate the regulation of the four genes by
Iight and the circadian rhythm. This leads, for the first time, to propose a pos-
sible implication of a cytoplasmic thioredoxin in light related processes.
EXPERIMENTAL PROCEDURES
Strain, culture conditions and synchronization procedure were as described
in the companion paper (These proceedings). Total RNA was extracted using
TRIzol reagent (Gibco BRL). Northern blots were hybridized with a consti-
tutive probe (Schloss, 1990) and the 3' untranslated region of the cDNAs
encoding TRX m and h, Fd and FNR. The autoradiograms were quantified by
densitometric scans (Masterscan, Scanalytics, CSPI) and the signaIs were
normalized to the constitutive probe signal.
RESULTS AND DISCUSSION
The ferredoxin/thioredoxin system related genes encode chloroplastic pro-
teins whose functions are linked to photosynthesis. Thus, their expression is
likely to be regulated by Iight. On the contrary, the functions of thioredoxin h
isoforms, located in the cytosol, are still unknown. However studies on yeast
have suggested that they couId be related to the cell division cycle (Muller,
1991). Chlamydomonas reinhardtii is weil known to be readily synchronized
by alternating light/dark cycles. In these conditions cells perform two to three
consecutive divisions upon the light to dark transition. Such culture condi-
tions allowed us to follow the expression patterns during active cell division
but also at the light to dark and dark to light transitions.
The Northern blots performed at the dark to light transition clearly show
a strong rise in the levels of the four messengers (Fig. la). This rise is
extremely rapid for both TRX, slower for Fd and even slower for FNR. The
basallevel in the dark is different for the four messengers and is particularly
low for TRX m and FNR. This strongly suggest a strict light dependent function
for these enzymes.
Cell divisions mainly occur after transfer of the cells to darkness (see com-
panion paper). Consequently, the level of any rnRNA encoding a protein
whose function is necessary during the cell division cycle is expected to
increase during this period. On the contrary, we observed a decrease in the
level of the four messengers (Fig. lb). Each messenger returns to the basal
level it had before exposure to light. Consequently the thioredoxin h isoform
we had isolated previously (Stein et al., 1995b) does not seem to be related
to the cell division cycle. Strikingly, we observed that the mRNAs levels
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Figure 1. Effect of light on the relative abundance of the four mRNAs. The black and
white boxes represent dark and light periods respectively.
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Figure 2. Evolution of the abundance of the four mRNAs in continuous light (a) or
continuous darkness (b). The black and white boxes represent dark and light periods
respectively.
decrease before transfer to darkness. This feature suggested a regulation by a
circadian dock.
By definition a circadian rhythm is entrained by light/dark cycles with a
period of approximately 24 hours, it persists in continuous conditions and has
a period independent from the culture temperature (Edmunds, 1988). We
have examined the levels of the four mRNAs in continuous light (Fig. 2a) or
continuous darkness (Fig. 2b). In both conditions, persisting oscillations were
observed with a time distance between the peaks of approximately 24 hours.
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In continuous darkness the second peak always appeared lower than the first
one. The dampening of the rhythm is often observed when studying circadian
rhythms in continuous darkness. Sorne authors have shown that this dampen-
ing could be compensated by addition of acetate to the culture medium
(Hwang & Herrin, 1994). However, in our case, we did not observe any effect
on the amplitude of the peaks when cells were cultured in such a medium
(data not shown). The same experiments were performed at 21°C instead of
28°C. In this case, the period of the rhythm was maintained around 24h with
a slightly reduced amplitude of the oscillation (data not shown). The rhythm
fulfills the three conditions previously defined (Edmunds, 1988). Conse-
quently we have demonstrated that the abundance of the four messengers is
regulated by a circadian rhythm.
The effect of oxidative stress has also been tested by adding either hydro-
gen peroxide or diamide to the culture medium either during the light or the
dark period. However, no significant modification of the messengers levels
could be evidenced in response to oxidative stress.
The molecular mechanism of circadian clock is complex and only begins
to be understood. In plants, the regulation of CABn gene expression by light
and the circadian rhythm has been studied in detail (Anderson et al., 1997;
Jacobshagen et al., 1996). The data presented here fit the regulation previ-
ously observed for CABn gene expression. Thus the redox related genes
studied are likely to be regulated by the same clock as CABn gene. Moreover
the waveform observed here for the curves of the messengers abundance indi-
cates the presence of an initial acute response to light, as previously observed
for CABII gene (Anderson et al., 1997). This strongly suggests a dual regulation
by light and the circadian rhythm.
A theoretical analysis of the promoters available (Fd, TRX m and TRX h)
revealed the presence of putative cis-acting elements known to be involved in
the regulation of the expression of several genes by light. Sorne of these ele-
ments (GATA box and GTI box) are common to the three promoters. Others
seem to be more specific to the genes encoding chloroplastic proteins (GATA
box and LAMP box). It would be interesting to analyze the relevance of these
elements in the regulation of the expression of these genes.
In conclusion, the data reported here constitute the first report of a regula-
tion of the genes encoding the enzymes of the ferredoxin / thioredoxin path-
way by light and the circadian rhythm. Moreover this is the first report of a
possible implication of a thioredoxin h in a light re\ated process.
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SUMMARY
The genes encoding (2Fe-2S) plant-like ferredoxins were studied in the
widely-used cyanobacterium Synechocystis PCC6803. The fed1 gene
(sslO020) coding for the most abundant ferredoxin product was found to be
strongly expressed as a light-induced monocistronic transcript, whereas the
other fed genes appeared to be silent (slr1828), or moderately expressed as
polycistronic transcripts regulated by either light f1uence (slr0150), negative
control) or glucose availability (sl1l382). fedl was found to be critical to
Synechocystis PCC6803 viability in spite of slr0150-, s1ll382- or f1avo-
doxin-induction, even after the addition of glucose that compensate for the
loss of photosynthesis. Nevertheless,jed1 could be deleted from aIl chromo-
some copies in ceUs propagating afedI gene (even of heterologous origin) on
a replicating plasmid. This strain was used as the host for the subsequent
introduction of fedl mutant alleles propagated on a second vector. Analysis
of the fed1 mutant strains generated after plasmid exchange, showed that the
C18-C85 disulfide bridge is central neither to the tight compaction of ferre-
doxin 1nor to its reduction by photosystem l, and demonstrate that the length of
the Fedl carboxy-terminus is important for effective PSIlFedl interactions.
The plasmid shuffling strategy presently described has general applicability
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for mutational analysis of essential genes in many organisms since it is based
on promiscuous plasmids.
INTRODUCTION
Ferredoxins comprise a class of low molecular weight (6-14 kDa) acidic,
nonheme, soluble iron-sulfur electron transfer proteins found ubiquitously in
nature. In plants, algae and cyanobacteria, i.e. prokaryotes with a plant-like
photosynthetic apparatus, the (2Fe-2S) ferredoxin is recognized primarily as
the protein that mediates electron transfer from iron-sulfur centers of photo-
system 1 (PSI-C subunit) to ferredoxin NADP reductase which, in tum,
reduces NADP+ for CO2 fixation (Bottin & Lagoutte, 1992). Ferredoxin is
involved in other redox processes such as cyclic photophosphorylation, nitro-
gen assimilation, glutamate synthesis, sulfite reduction, and fatty acid meta-
bolism (Bottin & Lagoutte, 1992; Buchanan et al., 1994), and in the
modulation of the activity of various enzymes via the thioredoxin system
(Floss et al., 1997). Many plants and cyanobacteria possess several molecular
forms of (2Fe-2S) ferredoxins encoded by distinct genes (Hase et al., 1991;
Kallas, 1994). The most abundant protein forrn has been termed ferredoxin 1
(Fedl). In higher plants Fedl is a nuclear-encoded protein synthesized as a
precursor with a N-terrninal transit peptide required for routing the matured
protein inside the chloroplast. By contrast, cyanobacterial Fedl proteins have
no signal peptide but a N-terrninal methionine that is post-translationally
removed from the protein (Bottin & Lagoutte, 1992; Kaneko et al., 1996;
Knaff, 1996). Little is known about PSI-Fedl interactions, in spite of the
recent demonstration by chemical cross-linking of a direct electrostatic
attraction between the Fedl glutamate 93 residue and the lysine 106 of the
PSI subunit PsaD (Labarre et al., 1989). Therefore we have undertaken the
mutational analysis of the fedl gene in the widely-used unicellular cyanobac-
terium Synechocystis PCC6803 (Synechocystis).
RESULTS AND DISCUSSION
ln spite of the polyploid nature of the cyanobacterial chromosome, which
occurs at about 10 copies per cell in the widely-used strain Synechocystis
PCC6803 (Lelong et al., 1994), the generation of mutants in a non critical
gene is relatively easy. The WT gene is deleted from aIl copies of the chromo-
some and the mutants alleles are then introduced into this host strain.
By contrast, the in vivo mutational analysis of a gene essential for cell sur-
vival poses the problem of removing aIl the wild-type (WT) alleles. This dif-
ficulty has impeded the study of important cyanobacterial proteins, such as
the RecA protein (Mermet-Bouvier & Chauvat, 1994), the (2Fe-2S) ferre-
doxin 1 (Miklos & Rubin, 1996), the cytochrome b6f (Morand et al., 1994),
the thioredoxin (Muller & Buchanan, 1989) and the SecA protein (our unpub-
lished results). Furtherrnore, by analogy with yeast where about 1 in 3 genes
were found to be essential (Murphy et al., 1990), one can anticipate about
1,000 genes to be critical for the survival of Synechocytis PCC6803 that
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1 39 oC + Km + Sm 1
Conjugation
1 30 oC + Km + Cm 1
Figure 1. Steps involved in plasmid shuffling. First, the fedI gene was deleted by
standard gene replacement technics from sorne of the 10 copies of the chromosome
(Lelong et al., 1994), but not ail since this gene was found to be essential to cell
viability (see above). Second, introduction of the Srnr replicating plasmid in the
Kmr "heteroploid" strain, and subsequent heat induction of the passenger fedI gene
generated a host strain totally lacking chromosomal copies offedI. Third, introduc-
tion of the Crnr plasmid for constitutive expression of fedI mutant alleles (fedIm)
and plating at 30°C (repression of WT allele of fedI) in absence of Sm, promoted
plasmid exchange, yielding fedI mutant strains.
possesses about 3,100 genes (Rogers, 1987). Therefore, we have developed a
strategy for the manipulation of essential genes in this organism. This proce-
dure uses two replicating plasmids as a means of exchanging the WT gene for
mutant alleles in a way similar to what is known as "plasmid shuffling" in the
yeast Saccharomyces cerevisiae (Sikorski & Boeke, 1991). In a tirst step (Fig. 1),
one copy of the essential gene studied (EGS) is deleted by standard gene
replacement technics from sorne of the chromosome copies (but not aIl since
the gene is essential). Second, the EGS coding sequence is introduced and
propagated in these cells on a conditional (i.e. temperature controIled)
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expression vector. Heat induction of EGS-expression from this replicating
plasmid (Srnr/Spr) allows complete chromosome segregation to occur and
generate a viable (at temperature ranging from 35° to 39°C) host strain totally
lacking chromosomal EGS copies. In a third step, mutagenized EGS coding
sequences are introduced into the host cells on a constitutive expression vector
(Crnr plasmid) that is exchanged ("shuffled") with the first plasmid harboring
the WT EGS allele. This is simply done by growing the cells in conditions (at
30°C, in absence of both Sm and Sp) such as they are not obliged to retain the
plasmid with the WT EGS, unless the mutant EGS product cannot provide
sufficient EGS function thereby preventing plasmid exchange. Because the
full EGS coding region has been deleted from the chromosome, the entire
EGS coding sequence can be mutagenized in one experiment by this proce-
dure, and the plasmid borne EGS mutant cannot revert to WT by homologous
recombination (gene conversion). Consequently, any revertant that may arise
will do so at the low frequency expected for single base-pair mutations.
The "plasmid shuffling" strategy described here is not dependent on the
function of the gene of interest. Therefore, it can be used for in vivo manipu-
lation of essential genes in any organism where the promiscuous expression
vectors presently used function weIl, such as for instance E. coli and the
cyanobacteria Synechocystis PCC6803 and Synechococcus PCC7942 (Van der
Plas et al., 1988). This procedure was used for the mutational analysis of the
fedI gene (ssLO020) of Synechocystis PCC6803, which is shown here to be
essential even in the presence of glucose that compensate for the loss of photo-
synthesis, despite the presence of two endogenous fedI-like genes (slr0150,
s11l382) which were found to be truly expressed. We have found that the inde-
pendent E88A and E93A mutations of fedI, each removing one negative
charge, had little effect on the tested properties of ferredoxin (electrophoretic
mobility, reduction by PSI). Similarly the C85V FedI mutant, which aimed at
testing the influence of the putative disulfide bridge between C18 and C85 on
the tight compaction of this protein, did not modified FedI parameters. Inter-
estingly, a C-terrninus extension of FedI that reduced the affinity of PSI-FedI
interaction did not alter the kinetics of electron tranfer, indicating that the
extension does not modify the proper positioning of FedI onto the PSI surface.
To our knowledge, this is the first report of an in vivo mutational analysis of
a cyanobacterial gene essential to cell viability. Thanks to "plasmid shuffling"
it is now truly possible to analyze in vivo aIl genes of the widely-used cyano-
bacterium Synechocystis PCC6803 i.e. the first photosynthetic organism for
which the entire genomic sequence is currently available (Rogers, 1987).
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INTRODUCTION
Marine photosynthetic microorganisms have received, in recent years,
increasing interest as potential sources of useful metabolites, such as bioac-
tive compounds (Fenical & Jensen 1993; Beman et al., 1997) and valuable
chemicals (Tredici et al., 1988; De Philippis et al., 1998). Indeed, marine and
hypersaline environments are now recognized as important resource of a
large variety of microbial strains able to produce diverse biochemicals, many
of them possibly not obtainable by terrestrial strains. In this connection, the
production of polysaccharides with potential interest for industrial applica-
tions has been recently described for 15 unicellular cyanobacterial strains iso-
lated from marine and hypersaline environments: saltworks, marine lagoons
and alkaline lakes (De Philippis et al., 1998). These isolates have been
assigned to the Cyanothece group according to their morphological charac-
teristics (Materassi et al., 1997). However, it has to be stressed that Cyano-
thece-group is described in Bergey's Manual of Systematic Bacteriology
(1989) as a "provisional assemblage of strains loosely defined as unicellular
coccoid to rod-shaped cyanobacteria" characterized by cell size larger than
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3 ~m. Thus, further investigations on phenotypic and genotypic characters of
Cyanothece strains are needed in order to give a better definition of this
group. With this objective, a study aimed at phenotypic characterization of
the newly isolated Cyanothece strains has been undertaken, also including the
unicellular halophilic PCC 7418 strain as a reference. The cell morphology,
the composition of exopolysaccharides (EPSs) released by the strains and the
fatty acid composition of whole cells have been determined in order to assess
whether these data can be of taxonomie value, allowing the c1ustering of
strains into more homogeneous sub-groups, and whether there is any correla-
tion between the grouping and the ecology of these strains.
MATERIALS AND METHODS
For this study, 15 previously described (Materassi et al., 1997; De Philip-
pis et al., 1998) EPS-producing strains were utilized. The strains have been
isolated from saltworks (strains CE 4 and CE 9 in Central Italy, TP 5 and TP
10 in Sicily, CH 1 in Greece and 16Som2 in Somali Republic), from hypersa-
line ponds and lakes (strain TI 4 in Sicily, CA 3 in Sardinia, IR 20 in Israel),
from tidal pools (strains VI 13 and VI 22 in Sardinia and strains PE 13 and PE
14 in Greece) and from the alkaline lake Abijata in Ethiopia (strains ET 2 and
ET 5). Two not EPS-producing strains have been added as reference (strain
TP 8, isolated from the same saltwork as TP 5 and TP 10, and strain PCC
7418, a moderate halophilic strain isolated from Solar lake in Egypt, previ-
ously referred to as Aphanothece halophytica and now included in Cyano-
thece group according to the Bergey's Manual of Systematic Bacteriology,
1989). The Cyanothece strains have been axenically cultivated in the media
previously described (De Philippis et al., 1998). In order to obtain data on
fatty acid composition unaffected by differences in culture conditions, ail the
strains were cultivated under the same light irradiance (80 !lmol photon
m-2s- l) and temperature (30°C) and the cells were harvested during the phase
of active growth. The cellular fatty acids (FA) were extracted and methylated
according to Bousfield et al. (1983); FA methyl esters were analyzed with a
gas chromatograph (GC 8380 Fisons Instruments) equipped with flame ioni-
zation detector and with a capillary column (Supelco SP 2380, 30 m x 0.25 mm
i.d.). The operating conditions were the following: injector temperature
250°C, split ratio 30: l, detector temperature 250°C, helium as carrier gas at a
flow rate of 1.5 ml min-l, injection volume 1 !lI, oven temperature from 90°
to 220°C at 3°C min- l. For the construction of the dendrograms based on FA
composition of whole cells, two correlation coefficients, the Pearson product-
moment coefficient and the degree of overlap of superimposed traces (Bous-
field et al., 1983), were calculated and UPGMA (unweighted pair-group
method using arithmetic averages) has been utilized for c1ustering of strains.
The construction of the dendrogram based on the presence/absence of both
the single monosaccharides and substituent groups of the released EPS made
use of the simple matching coefficient for binary characters, and the strains
were c1ustered by UPGMA.
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RESULTS
On the basis of cell morphology, the 17 Cyanothece strains could be
divided, according to the previously reported (Materassi et al., 1997) and
newly determined cell sizes (5.0 to 7.5 /lm for TP- 8 and 3.5 to 4.5 /lm for
PCC 7418), into two sub-groups, one composed of strains possessing a mean
cell size smaller than 4.0 !lm (strains TP 10, TI 4, PE 13, PE 14, IR 20 and
PCC 7418) and the other composed of strains characterized by a mean cell
size larger than 4.0 !lm (strains CE 4, CE 9, TP 5, TP 8, CH 1, 16Som2, CA 3,
VI 13, VI 22, ET 2 and ET 5). Apart from TP 8 and PCC 7418, ail other
strains released significant amounts of EPSs into the culture medium. These
polymers were composed of six to eight monosaccharides. They were charac-
terized, in many cases, by the presence of substituent groups like acetate,
pyruvate and sulphate (De Philippis et al., 1998). In arder to compare differ-
ent compositions of the EPSs, a dendrogram based on presence/absence of
both single monosaccharides and substituent groups has been constructed,
utilizing the simple matching correlation coefficient (Fig. 1). According to
this elaboration, the strains were grouped into various C!usters, but the
obtained groups correlated neither with cell dimensions (e.g., strains possess-
ing a correlation coefficient of 1, like CA 3 and PE 14, belong to different
groups with regard to their cell size) nor with the origins of the strains (e.g.,
TI 4 and VI 22 have a correlation coefficient of 1 but were isolated from dif-
ferent habitats and, on the other side, CE 4 and CE 9, isolated from the same
CE 4 (L)\')
TP 5 (L)
CE 9 (L)
16Som2 (L)
VI 13 (L)
CH 1 (L)
Tl 4 (s)\')
VI 22 (L)
PE 13 (s)
IR 20 (s)
TP 10 (s)
CA 3 (L)
PE 14 (s)
ET 2 (L)
ET 5 (L)
0.5 0.6 0.7 0.8 0.9
Correlation coefficient
Figure 1. Dendrogram based on the simple matching coefficient for binary charac-
ters calculated on the presence/absence of EPS constituents (monosaccharides and
substituents groups like sulphate, pyruvate and acetate); strain clustering made with
UPGMA.
(a) L = strains with a mean cell size > 4.0 !lm; s = strains with a mean cell size
< 4.0 !lm.
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saltwork in Italy, show the lowest correlation coefficient). The only group
composed of strains sharing a common origin was that including ET 2 and ET
5, the unique strains isolated from alkaline instead of saline environment.
The analysis of fatty acid composition of whole cells (Table 1) showed that
ail the Cyanothece strains are characterized by the presence of seven fatty
acids with a chain length of 16 or 18 carbon units and that palmitic acid
(C 16:0) is always present at the highest relative concentration. Sorne strains
showed also the presence of small amounts of capric acid (C 10:0). The most
significant differences have been observed for the two alkaliphilic strains that
are characterized by the presence of large amounts of myristic acid (CI4:0)
and by the peculiar presence of elaidic (CI8: 1 ~9 trans) and Œ-linolenic
(CI8:3 ~9,12,15) acid, in addition to the seven fatty acids cornmon to ail the
other strains. On the other hand, the most significant quantitative differences
in fatty acid composition among the 17 strains have been observed with
respect to palmitoleic (CI6:1 ~9), hexadecadienoic (CI6:2 ~x), oleic (CI8:1
~9 cis) and linoleic (CI8:2 ~9,12) acids. Clustering of strains based on the
coefficients of correlation, calculated by means of the quantitative composi-
tion of fatty acids according to one of the two methods described above, is
presented in Fig. 2 (the dendrogram obtained using the other method was
quite similar). The alkaliphilic strain ET 5 showed the lowest degree of corre-
lation with other strains (Jess than 60 %), followed by the other alkaliphilic
strain ET 2 (degree of correlation 72%). The low level of correlation showed
TP 8 (Ll')
CE 4 (L)
CH 1 (L)
16Som2 (L)
CA 3 (L)
CE 9 (L)
VI 22 (L)
TP 5 (L)
VI 13 (L)
TP 10 (s)(')
PCC7418 (s)
TI 4 (s)
PE 13 (s)
IR 20 (s)
PE 14 (s)
ET 2 (L)
ET 5 (L)
0.5 0.6 0.7 0.8 0.9
Correlation coefficient
Figure 2. Dendrogram based on the degree of overlap of superimposed traces calcu-
lated on the fatty acid composition of the whole cells; strain c1ustering made with
UPGMA.
(a) L = strains with a mean cell size > 4.0 /lm; s = strains with a mean cell size
< 4.0 /lm.
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Table I. Fatty acid composition (expressed as percent of the single acid on the total amount of fatty acids) of whole ceUs
of the Cyanothece strains. (L'lx = unknown position of double bond).
Fatty acid composition (% on total fatty acids)
CIO Cl2 Cl4 Cl6 Cl8
Double bonds 0 0 0 1 0 1 2 0 1 2 3
L'l position of 9 9.12 9 9 11 9,12 9,12,double bonds x x trans cis 15
CE4 0.4 - - - 32.3 9.7 5.6 14.4 0.6 1.0 - 22.9 1.0 12.1 -
CE9 - - - - 41.2 11.4 7.7 14.1 0.7 0.7 - 13.5 1.6 9.1 -
TP5 0.2 - - - 39.8 13.2 7.9 11.2 0.5 0.9 - 18.1 0.9 7.3 -
TPIO 1.6 - - - 32.6 14.3 15.4 6.4 1.1 1.2 - 22.2 1.4 3.8 -
CHI 0.3 - - - 34.2 11.2 5.9 11.6 0.7 1.1 - 23.5 1.1 10.4 -
16Som2 0.2 - - - 36.4 11.3 4.6 10.5 0.6 1.5 - 23.7 0.6 10.6 -
TI4 0.2 - - - 33.5 14.8 24.2 7.0 1.2 0.4 - 10.2 6.6 1.9 -
CA3 - - - - 35.9 15.8 5.8 9.4 0.9 0.8 - 23.7 0.7 7.0 -
VI13 0.1 - - - 38.8 13.1 8.9 11.9 0.6 0.7 - 17.6 0.9 7.4 -
VI22 0.3 - - - 40.6 11.3 10.9 13.7 0.6 0.5 - 14.2 0.6 7.3 -
PEl3 - - - - 34.6 16.5 24.2 6.6 0.8 0.5 - 11.6 4.3 0.9 -
PE14 - - 0.2 0.4 30.4 17.7 21.1 5.9 1.0 0.8 - 16.8 4.7 1.0 -
IR20 - - - - 32.7 19.4 25.8 3.9 1.0 0.4 - 14.1 2.3 0.4 -
ET2 - - 11.0 0.5 29.2 10.8 3.0 4.8 0.8 0.6 1.0 25.9 0.3 8.6 3.5
ET5 - 0.2 17.9 0.6 29.5 2.3 2.8 9.2 0.8 0.7 1.9 6.0 0.2 19.5 8.4
TP8 - - - - 46.4 11.3 16.1 12.8 0.5 0.4 - 7.6 1.1 3.8 -
PCC7418 - - - - 38.3 14.7 9.0 4.6 0.5 2.2 - 27.4 2.3 1.0 -
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by these two strains is mainly due to the presence of sorne peculiar acids, as
reponed above. Moving toward higher levels of correlation, two distinct sub-
groups appeared, one composed of strains characterized by the smaller cell
dimensions (TI 4, PE 13, PE 14 and IR 20), and the other of larger strains
(TP 8, CE 4, CH 1, 16Som2, CA 3, CE 9, VI 22, TP 5, VI 13). Largest strains
separate into two tight clusters, with a third sub-cluster including two small
strains (TP 10 and PCC 7418) and one single large strain (TP 8) showing a
lower correlation coefficient with the other strains of the sub-group. This divi-
sion into different clusters is mainly due to the differences in the amounts of
C16:1 and C18:2 acids.
DISCUSSION
The results obtained with several strains of unicellular cyanobacteria
belonging to the same taxonomie group demonstrated that no relation can be
found between the chemical composition of the EPSs released by the strain
and either the cell size or the environments of the origin of the strain. The
EPS composition of the Cyanothece strains studied lies within the range of
variability of EPSs released by other cyanobacterial genera. Thus, the compo-
sition of the EPSs cannot be considered a reliable chemotaxonomic marker.
In contrast, the clustering of strains based on fatty acid composition, which
is widely utilized for identification and classification of bacteria and yeasts
(Costenon et al., 1974; B0e and Gjerde 1980; Degrè et al., 1989; Krüger et
al., 1995; Noronha-da-Costa et al., 1996), fits rather weIl with the groups
based on cell size. The two alkaliphilic strains seem to be correlated with the
halophilic strains at a very low level of similarity, weIl below the values that
have previously been considered sufficient for the placement of strains into
different bacterial genera (Bousfield et al., 1983).
Anyway, it must be stressed that fatty acid analysis, like any other chemo-
taxonomic character, should be utilized in conjunction with other features in
order to obtain a sound classification of the microorganisms under examina-
tion. For this reason these strains have also been studied for their genotypic
characters (Ventura et al., 1998).
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The microbial mats of Great Sippewissett Salt Marsh (Cape Cod, MA,
USA) have been studied previously by Nicholson et al. (1987) and Pierson et
al. (1987, 1990). These investigations included the use of light and electron
microscopy, pigment analysis, and fiber optic analysis of spectral irradiance
within the mats. These techniques have provided very valuable information.
However, communities are difficult to fully describe by microscopy and pig-
ment analysis alone. Thus, they remain poody understood and only broadly
characterized (Turner et al., 1989; Zehr et al., 1995).
During the "Microbial Diversity" course of the Marine Biological Labora-
tories (Woods Hole, MA) in July 1996, a preliminary molecular study of the
diversity of the multi-Iayered, laminated microbial mats from the Great Sip-
pewissett Salt Marsh was carried out. Samples from the upper green-colored
cyanobacteria-dominated layer and the pink-colored, purple sulfur bacteria
layer below it were sampled by coring and scraping individuallayers with a
razor blade. Cell material was suspended in sterile seawater. After washing in
TE buffer to remove the sand grains from the cell material, the cells were
resuspended in 50 III of TE buffer. 15 III of Gene ReleaserfM (5-3 Prime Inc.)
was added to extract DNA following the thermocycler method described in
the manufacturer's instructions (65°C 30 sec, 8°C 30 sec, 65°C 90 sec, 97°C,
180 sec, 8°C 60 sec, 65°C 180 sec, 97°C, 60 sec, 65°C 60 sec, 80°C hold) in
an Ericomp Powerblock™. 5 III of this lysis product was used for PCR in a
total volume of 100 Ill, containing PCR buffer IX (Fisher Products), 2.5 mM
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MgCI2, 200 ~M dNTPs, and 0.6 ~M of primers. One Ampliwax bead (Perkin-
Elmer) was added to each tube. Two primer pairs were used, the universal
pair: AGAGTTTGATYMTGGC and GYTACCTTGTTACGACTT (B. Paster,
pers. corn.) and the cyanobacterial-specific pair: GAGAGTTTGATYCT-
GGCTCAG and TCTGTGTGCCTAGGTATCC (E. Paster pers. corn.; Wilmotte
et al., 1993). In the case of the universal pair, the 16S rRNA gene was ampli-
fied between the positions 24 and 1491 of E. coli, whereas for the cyanobac-
terial-specific pair, the 16S rRNA, ITS and the start of the 23S rRNA genes
were amplified between positions 28 of the 16S rRNA and 25 of the 23S
rRNA of E. coli (Brosius et al., 1981). A hot-start procedure was followed,
with an incubation at 94°C for 10 min followed by 5 min at 35 oC to solidify
the wax, during which 2.5 U Taq Polymerase (Fisher Products) was added.
The PCR cycles were 35 repetitions of 94°C 1 min, 50°C 1 min, noc 2 min
followed by 5 min at n oc. The PCR products were purified using the
Promega Wizard™ PCR Prep kit and then cloned into the pCNTR vector
using the blunt-end ligation protocol of the General Contractor™ DNA Clon-
ing System (5-3 Prime, Inc.). In short, 14.5 ~l ofPCR products were blunted
and phosphorylated before ligation. The plasmids were checked for proper
insertions by restriction with BamHl. With this cloning kit, 1 ng of vector
pUC18 yielded about 1000 blue colonies. Unfortunately, cloning efficiency
was quite low in this study. For example, 14.5 ~l of PCR product from the
pink layer amplified with the universal primers yielded about 300 colonies, of
which 20 were blue. However, only 2 out of 8 clones from white colonies had
an insert with the expected size after BamH1 digest.
Two cyanobacterial clones, WH7B (green layer, cyanobacterial-specific
primers) and WHl2 (green layer, universal primers), were further analyzed.
Plasmid DNA purification was performed on 1.5 ml of an ovemight culture
using the Quantum Prep Plasmid DNA Purification protocol (BioRad, USA)
and the sequence was determined bidirectionally (Genome Express, France).
The EMBL accession numbers are AJ007374 (WH7B) and AJ007375
(WHI2). The sequences were aligned manually with their closest relatives in
an alignment of 31 complete cyanobacterial sequences. It appeared that the
circa 200 bp at the 5' end of the 16S rRNA sequence ofWH12 have a different
origin than the rest of the sequence and shows 174 identities out of 185 posi-
tions with a phototrophic bacterium (DSM 2111). This sequence thus seemed
to be a chimera, as confirmed by the "Chimera Check" analysis of the RDP
server (http://rdpwww.life.uiuc.edu/). For submission to EMBL and construc-
tion of a distance tree, the first 223 bases were therefore excluded. Pairwise
evolutionary distances were calculated using the formula of Jukes and Cantor
(1969), correcting for multiple mutations. Positions corresponding to E. coli
237 to 1392 were used (Brosius et al., 1981). This distance matrix was used to
construct a tree topology by the Neighbor-joining method (Saitou & Nei,
1987) implemented in the software package TREECON (Van De Peer & De
Wachter, 1993). Escherichia coli was used as an outgroup. Indels were not
taken into account and a bootstrap analysis involving 500 resamplings was
performed.
The neighbor-joining tree in Fig. 1 shows that both cyanobacterial sequences,
WH7B and WHI2, appear to belong to one lineage containing narrow
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Figure 1. Neighbor-joining tree based on l6S rRNA sequence positions 237 to 1392
(E. coli numbering) from 33 cyanobacteria, Bacillus subtilis, and Escherichia coli
which is used for rooting the tree. The two clones, WH 12 and WH7B obtained during
this study are indicated in boldo Bootstrap percentages obtained after 500 resampling
are given besides the corresponding nodes when they are higher than 50%. Branches
supported by less than 50% of bootstrap support are drawn as unresolved. The
distances between two strains are obtained by surnming the lengths of the connecting
horizontal branches, using the scale on the top.
filaments of diameters around 2-3 IJ.m (Phormidium following Geitler, Lep-
tolyngbya following Anagnostidis and Komarek), though with a bootstrap
support of only 57 %. The uncorrected dissimilarity values used for the tree
construction are 2.4 % between WH7B and WHI2, 8.4 % between WH7B
and Leptolyngbya minuta D5, 7.6 % between WH7B and Leptolyngbya
VRUC, and 8.2 % between WH7B and clone OS-VI-LI 6. The cyanobacterial
clones are thus most similar, but not closely related, to Leptolyngbya minuta
D5, which is a marine, epiphytic cyanobacterium isolated from the Baleare
Islands in Spain (Wilmotte, 1991) and Leptolyngbya VRUC135 which was
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isolated from Roman frescoes (Albertano, 1991). The morphology of the
clone OS-VI-Ll6 retrieved from Octopus Spring, Yellowstone (Ward et al.,
1992) is unknown. During microscopie observations of the mats, we fre-
quently have observed narrow filamentous cyanobacteria with the same type
of morphology as L. minuta 05 and VRUC 135.
This preliminary study represents one of the first attempts to use molecular
tools based on the rRNA sequence to describe salt marshes microbial mats.
Several difficulties were encountered in isolating and amplifying DNA from
these environmental samples. One problem was in sampling individuallayers
of the mat as the coring and scraping method was not as precise as could be
desired. The layers in a single mat were quite variable in thickness and numbers
at distances of a few centimetres. Another difficulty involved the celllysis and
DNA extraction method which did not pull out DNA from the heavily
sheathed cyanobacterial types like Microcoleus chthonoplastes which was
common in the mats. In future work, mechanical disruption or another more
efficient DNA extraction method should be used instead. The rather low clon-
ing efficiency should also be addressed. An additional purification of the PCR
products to get rid of shorter non-specifie fragments produced during amplifi-
cation would probably improve efficiency. While these difficulties should be
noted, cyanobacterial sequence data were obtained from these samples and it
is quite clear that molecular methods are providing another valuable set of
tools in characterizing this still poorly understood salt marsh habitat.
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ABSTRACT
The diversity of marine cyanobacterial species, based on field observations
of natural populations in various marine environments is reviewed. The distri-
bution of readily characterizable cyanobacterial types along gradients of eco-
logical determinants is evaluated by combined field observations and light-
microscopie assessments of morphological and morphometric properties of
organisms.
Morphological variability of cyanobacteria and their responses to environ-
mental changes are evaluated at the population level. Most marine cyanobac-
terial taxa are characterized by their distinctive morphologieal features
sufficiently to show species-Ievel taxonomy when observed in their environ-
mental contexts. Yet their diversity, although impressive, remains largely
unexplored. The concept of species diversity as it applies to prokaryotic
organisms and respective taxonomie practices is discussed in this context.
An integrated, interdisciplinary approach in the study of cyanobacterial
diversity is called for, one that would correlate diversity assessments based on
morphological and ecological observations with biochemical and molecular
phylogenetic information derived from those organisms that are available in
axenie cultures, thus combining the advantages of both field and laboratory
methods.
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INTRODUCTION
The significance of cyanobacteria in the history of life on this planet has
only recently become fully appreciated. Advances in molecular phylogeny
confirmed the monophyletic coherence, antiquity and the unique evolutionary
significance of these prokaryotic oxygenic photosynthesizers (Woese, 1987;
Giovannoni et al., 1988; Douglas & Turner, 1991), and research on the Pre-
cambrian microbial fossil record brought independent documentation of their
historie roles (Knoll & Golubic, 1992; Golubic, 1993; Schopf, 1996).
Discovery of picophytoplankton and development of fluorometric quantifi-
cation techniques provided new insights into the cyanobacterial role in the
productivity of the world's oceans (Stockner, 1988), while new techniques
using stable isotope fractionation, microelectrodes and environmental probes,
advanced our understanding of microbial functions at the microenvironmental
scale. These developments lead to numerous studies of microbial mats as
organo-sedimentary structures (e.g. Cohen & Rosenberg, 1989). Marine ben-
thic cyanobacteria attracted attention as primary producers of these microbial
mat ecosystems, providing important information for interpretation of ancient
stromatolites which dominated shallow marine environments for the first 80%
of their history (Walter et al., 1992).
CYANOBACTERIAL DIVERSITY CONCEPT
Any discussion about the diversity of organisms requires clarification with
regard to the levels of distinction between different taxonomie entities,
including the criteria used to establish such distinctions. Ecologically the
most meaningful appears to be the reference to species diversity, because
diversity at the genus level is mostly not correlated with particular environ-
mental factors, while diversity at the subspecific strain level (equivalent to
properties of individual organisms) is overwhelming and, thus, impractical.
Since Darwin's formulations of the mechanisms involved in the origins of
species, the concept of speciation as a process leading to diversification of
organisms has found general acceptance, however, the recognition and deli-
mitation of species as units of biological diversity in any time profile along
this process, including the present, remains problematic. In practical terms,
the assessment of biologieal diversity needs first to establish the relationship
between genotypic information content granting the coherence and integrity
of a taxon - and its phenotypic expression. The next objective is to establish
the degree of genetic difference that separate species, i.e. the "taxonomie dis-
tances" among them. The perception of diversity, however, was historically
accessible through the study of phenotypes alone, while the genotypic basis
underlying phenotypic expression was determined conjecturally.
The study of cyanobacterial diversity from the standpoint of the bacte-
riological taxonomie tradition based on cultured strains, using type cultures
as taxonomie reference (Stanier, 1977) contributed significantly to the avail-
ability of cyanobacterial strains in axenic cultures. Due to these efforts and,
particularly, through accomplishments of the Institut Pasteur, the choice of
cyanobacteria targeted for fundamentallaboratory research widened signifi-
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cantly, moving far beyond the few cultured model organisms of obscure
origin such as Anacystis nidulans. Axenically cultured marine strains proved
to be characterizable and identifiable as separate from freshwater counter-
parts on the basis of specific nutritional requirements (Waterbury et al.,
1979). Most importantly, the broadened spectrum of representative cyanobac-
terial taxa in axenic cultures became available for molecular phylogenetic
characterization of this group based on nuc1eotide sequencing, once this tech-
nology was developed (Giovannoni et al., 1988).
The very nature of the bacteriological approach, which uses a species con-
cept defined as a collection of similar representative strains, permitted, to
date, a characterization of cultured taxa only to genus level, while deferring
species characterizations until more axenic strains become available for com-
parisons. Bergey's Manual of Systematic Bacteriology (Staley et al., 1989)
incorporated the cyanobacteria into its latest edition acknowledging, in addi-
tion to the predominant axenically cultured strains (largely from the Pasteur
Collection), the existence of a few morphologically characterized taxa not yet
represented in any culture collection. In fact, neither Bergey's Manual nor the
hitherto characterized cultured strains are representative of cyanobacterial
diversity in nature. Researchers performing nuc1eotide sequencing of samples
obtained from natural microbial communities (Pace et al., 1985) encountered
in tropical marine plankton and in microbial mats an abundance of unfamiliar
cyanobacterial genetic signatures (Giovannoni et al., 1990), confirming an
earlier assessment based on c1assical morphological analysis that axenic cul-
tures represent but a fraction of cyanobacterial diversity in natural habitats
(Golubic, 1979).
In view of recent advances in biotechnology via molecular biology and
genetics, scientists are, for the first time, equipped to read and interpret
genetic information directly. In this context, phylogenetic history and the
resulting diversification is being deciphered by quantification of genetic dis-
tinctions accumulated over evolutionary time (e.g. Pace, 1997).
Although objective constraints limiting the applicability of the methodo-
logy of nuc1eotide sequencing to assess microbial and, specifically, cyanobac-
terial diversity, are many (Wilmotte & Golubic, 1991; Wilmotte, 1994), the
results obtained to date are impressive. Molecular phylogeny brought signifi-
cant insights into the process of evolution and uncovered major, previously
unsuspected evolutionary events. Among these are: the early separation of
three ancestral domains (Woese, 1987; Woese et al., 1990), with cyanobacte-
ria identified as a separate branch of the bacterial domain, the monophyletic
origin of oxygenic photosynthesis from cyanobacterial ancestral lineage, as
well as the confirmation of endosymbiotic origins of eukaryotic organismal
organization (Mereschkovsky, 1905; Margulis, 1993), inc1uding the cyano-
bacterial origins of chloroplasts (Giovannoni et al., 1988; Douglas & Turner,
1991; Nelissen et al., 1995). However, at the present state of the art of nuc1e-
otide sequencing, genotype vs, phenotype relationships can be tested only on
cultured organisms. Natural populations de1iver only "anonymous" genetic
signatures, unless related to cultured strains (Giovannoni et al., 1990; Amman
et al., 1995; van Hannen et al., 1998).
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It is, therefore, a good time to reassess the meaning of biological diversity
in nature, including, specifically, the diversity of cyanobacteria. In this
respect, the applicability of the species concept to cyanobacteria as prokaryo-
tes, becomes a subject of renewed interest. Although there is !iule disagree-
ment today about the existence of the speciation process among cyano-
bacteria, and increasingly less disagreement with respect to the genetic basis
underlying the process - the problem of recognition and delimitation of spe-
cies as the basic and practical unit of cyanobacterial diversity remains unre-
solved (Hoffmann, 1988; Castenholz, 1992).
The fact that morphology of simple coccoids and filaments alone provides
insufficient phenotypic information for a natural classification of cyano-
bacteria has been demonstrated (e.g. Rippka et al., 1979). Fortunately, cyano-
bacteria include a significant number of taxa that are morphologically
sufficiently complex to grant their recognition at the species level in the field
along with studies of populations in their natural occurrences (e.g. Golubic
et al., 1996).
A cyanobacterial species, as represented by natural populations with a par-
ticular distribution within definable environmental constraints is an observable
and characterizable entity, of sufficient complexity to be comparable with
species of eukaryotic algae and other groups of organisms with which they
compete in their natural environment. In that sense, a species comprises a
group of populations of common descent that have passed the test of natural
selection, and established a functional ecological niche. This ecological
concept of species as promoted by Hutchinson (1959, 1970), has the advan-
tage that it does not depend on the test of interfertility (Mayr, 1981) and, thus,
is applicable to ail evolving organisms whether they reproduce sexually or
asexually.
There are numerous examples among cyanobacteria that demonstrate the
species-niche relationship. We have selected for demonstration, two different
marine species of the same genus Schizothrix from the atolls of French Poly-
nesia, which occupy different niches and build distinctive populations: one of
them (Plate 1, Fig. A) dominates the semi-exposed surfaces of hypersaline
microbial mats called "mare à kopara". The other (Plate 1, Fig. B) builds
spherical structures on Acropora, on coral pinnacles in the lagoon of Tikehau
atoll.
Literature helpful for taxonomic determination of natural populations of
marine cyanobacteria is sparce. Manuals with species determination keys are
few and outdated (Frémy, 1934; Kosinskaya, 1948; Umezaki, 1961) and deal
predominantly with freshwater taxa (Geitler, 1932; Desikachary, 1959). An
introductory account of cyanobacterial diversity related to sedimentary proc-
esses (Golubic, 1976) presents diagrammatic sketches of the various forms,
but no determination keys. More detailed and updated accounts discuss
mainly distinctions among the cyanobacterial genera (Anagnostidis & Komarek,
1985, 1988, 1990; Komarek & Anagnostidis, 1986, 1989; Staley et al., 1989;
Golubic et al., 1996).
The present brief overview of diverse marine cyanobacteria is based on
observations of natural populations of cyanobacterial taxa recognizable by
their distinctive morphological characteristics and their distribution along
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environmental gradients. It is intended to stimulate an integrated approach,
that would combine the advantages of both field and laboratory methods in
assessing cyanobacterial diversity.
ECOLOGICAL NICHES OCCUPIED BY CYANOBACTERIA
Cyanobacteria today share the ecological niches of primary production
with an array of eukaryotic algae which themselves are, in part (chloroplasts),
of cyanobacterial heritage. Like cyanobacteria, algae grow either in free-
living populations or integrated into higher orders of organismal organization
within foraminifera, corals, and lichens. Therefore. patterns of cyanobacterial
population distribution in nature show more similarities with than differences
to their eukaryotic, sexually reproducing competitors.
A wide spectrum of morphological complexities evolved among the
cyanobacteria, ranging from smaIl, bacteria-size spheres and rods to truly
multicellular macroscopic forms. Different cyanobacteria exhibit distinctive
vegetative and reproductive cell division programs, show cell differentiation
in form and function, as weIl as intercellular communication and distinctive
behavioral responses. A wide range of specialized functions evolved within
the group, providing the basis for different competitive strategies. There are
stenotopic as weIl as eurytopic cyanobacteria. Those which live in stable
environments are more sensitive to environmental changes than those occu-
pying ftuctuating and extreme environments. The range of habitats and condi-
tions, occupied by cyanobacteria as a group, however, is wider than that of
most eukaryotic phototrophs. Cyanobacteria proved successful in occupying
freshwater, brackish, normal marine and hypersaline environments. Marine
forms employ both halophily and halotolerance as survival strategies (Golu-
bic, 1980). It is probable, that the cyanobacteria, the first oxygenic photosyn-
thesizers, occupied the available marine niches early and, over long
geological time, evolved a broader spectrum of specializations and tolerances
than their later evolving competitors. Consequently, cyanobacterial domi-
nance remained unchallenged in most extreme environments, whereas in
optimal ecological ranges they became tightly integrated into systems of
higher ecological complexity.
CYANOBACTERIA IN MARINE PLANKTON
The open ocean, the largest, ecologically most stable marine environment,
is the home of picophytoplanktic unicells of cyanobacterial affinity (Water-
bury et al., 1979), c1assified within the genera Synechocystis, Synechococcus,
and Prochlorococcus. These tiny microorganisms, contribute significantly to
the primary production of lakes, oceans and lagoonal waters (Stockner, 1988;
Charpy & Blanchot, 1996). They have recently captured considerable
researcher attention. A large proportion of contributions listed in an on-line
bibliography of cyanobacteria (CyBib, 1998), as weIl as of those presented
in the current symposium is dedicated to this group. Picophytoplanktic
phototrophic prokaryotes compete for and subdivide their niches by depth,
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differentiating primarily according to their abilities to utilize light and nutri-
ents (Mokeeva, 1988). They have also diversified horizontally, with species
composition changing from the nutrient poor pelagic to the nutrient-enriched
neritic provinces (Waterbury et al., 1979). It is highly probable that pico-
phytoplanktic cyanobacteria were the first primary producers that occupied
the pelagic realms of early oceans. Unfortunately, their small size and simple
morphology similar to most organotrophic bacteria makes them indistin-
guishable in the fossil record, which dooms this insight to remain conjec-
tural.
Bloom-forming nitrogen-fixing filamentous cyanobacteria, taxonomically
clustering around the genera Kathagnymene and Trichodesmium are common
in ail tropical oceans. Species of Trichodesmium (Sournia, 1970; Carpenter et
al., 1992) are characterized by distinctive, mostly clonaI colony formations,
with cell differentiation occurring along individual trichomes, and thylakoid
separation ("keratomization") intensified in distal portions of trichomes.
Functional differentiation along multicellular trichomes has been shown
recently by localizing the position of nitrogenase (this volume).
The ability to fix atmospheric nitrogen gives an obvious competitive
advantage in large areas of the open ocean where nitrogen is a Iimiting nutri-
ent. However, nitrogenase activity is inhibited by the presence of oxygen.
This problem has been solved in other cyanobacteria most elegantly by the
evolution of the heterocyst, a complex, structurally, biochemically and func-
tionally differentiated, nitrogen-fixing cell within a multicellular trichome
(Rippka et al., 1979). Structural modifications of the heterocysts include
thickening and decreased permeability of cell walls, presumably to protect
the oxygen-sensitive nitrogenase enzyme, and the organization of pit-type
connections as controIled communication gates for transport of nitrogenous
compounds. Biochemical modifications include the restriction of the photo-
synthetic apparatus to photosystem-I (usually accompanied with a shift in
pigment composition) and the introduction of cyclic photophosphorylation.
Heterocystous cyanobacteria are widely distributed in terrestrial, freshwater
and benthic marine environments. It is surprising, therefore, how few hetero-
cystous cyanobacteria occupy pelagie ecological niches. One such exception
is the bizzare heterocystous cyanobacterium Richelia which lives attached
inside planktic diatoms (e.g. Rhizosolenia) (Sournia, 1970).
Bloom-forming planktic heterocystous cyanobacteria, on the other hand,
seem to be restricted to (although quite successful there) eutrophic, enclosed
epicontinental seas and phosphorus overloaded lakes. In the Baltic sea, for
example, the heterocystous noctocacean Nodularia spumigena is a prominent
bloom former (Gumpert et al., 1987; Smarda et al., 1988; Komarek et al.,
1993). Other bloom-forming heterocystous cyanobacteria such as Aphani-
zomenon and Anabaena replace Nodularia in the eastern part of the Baltic,
toward the lower salinity range.
Planktic heterocystous cyanobacteria may differentiate as akinetes (resting
spores). Akinetes usually are larger than vegetative cells, loaded with storage
granules and protected by thickened ceIl waIls (Herdman, 1987). Following
active blooms, akinetes sink and are deposited in the sediment, from which
they germinate when appropriate growth conditions return. Layers of akinetes
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can remain buried, comprising a sedimentary record of past bloom condi-
tions. They sometimes retain their viability for up to 60 years, but many
remain buried and fossilize (Livingstone & Jaworski, 1980). It is conceivable
that the restricted distribution of heterocystous bloom-forming cyanobacteria
to relatively shallow waters on continents and continental margins is linked to
their dependence on benthic survival of akinetes, which may have kept them
from occupying pelagic realms over abyssal depths.
Heterocystous cyanobacteria form a tight phylogenetic cluster, suggesting
that the complex differentiation process leading to heterocyst formation is
monophyletic (Wilmotte 1994). The timing of this evolutionary event bears
relevance to the history of the planet's atmosphere, because it may indicate
the achieving of planetary oxygen concentration levels sufficient to inhibit
nitrogenase activity. There were several reports of heterocysts observed in
fossil strata as old as Palaeoproterozoic, however, none of the interpretations of
putative fossil heterocysts were convincing. Indirect fossil evidence, however,
does exist, assuming that the CUITent linkage between heterocyst and akinete
differentiation existed in the past. Occurrences of horizons of akinetes pre-
served in cherts and namedArchaeoellipsoides, were recorded in ca. 1400 My-
old Mesoproterozoic strata. These fossil spores bear close resemblance to
akinetes of modem Anabaena species among heterocystous cyanobacteria, in
shape size and distribution (Golubic et al., 1995).
MARINE BENTHIC CYANOBACTERIA
Vertical distribution
Illuminated benthic habitats constitute a relatively smail proportion of the
marine environment, yet they offer the highest environmental heterogeneity,
thus inviting the highest diversity of their inhabitants. Coastal profiles exhibit
changes in environmental conditions with depth. In deeper waters, these
changes are mild and graduai intensifying toward shorelines where they
become telescopically compressed into narrowly defined ecological zones.
Fluctuations of critical ecological determinants such as temperature, light,
salinity and water supply increase in the same direction in both frequency and
intensity, becoming extreme in the intertidal and supratidal ranges. The diver-
sity of cyanobacteria parallels these changes in the inverse, decreasing in the
same direction with a few resistant taxa assuming absolute dominance under
the most extreme environmental conditions.
Deeply submersed benthic habitats provide the highest degree of environ-
mental stability and are, in this respect, superior to the equivalent trophogenic
pelagie ranges. Attached phototrophic organisms may be deprived of light,
but have a better access to nutrients, which tend to accumulate in deeper
waters. In addition, nutrient exchange is promoted by even slight water move-
ments passing by an attached microorganism, whereas its planktic counter-
part may drift together with the nutrient-exhausted water around il. Benthic
phototrophs are also exposed to more constant conditions with respect to light
intensity and quality. In the particular depths of their settlement, these orga-
nisms can specialize to exploit low light intensities and particular spectral
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windows without the hazard of overexposure due to vertical mixing that
planktic forms experience. Consequently, the trophogenic photic zone extends
deeper in benthic than in planktic habitats, and includes low light environ-
ments deep inside caves and substrate interiors. As phototrophic organisms,
cyanobacteria diversified along the vertically attenuated gradient of subma-
rine light. Benthic marine cyanobacteria are weIl adapted in exploitation of
low light conditions, many of them able to regulate pigment composition as
weIl as phycobilisome ultrastructure, in response to low light intensity and
spectral shift (Ohki & Fujita, 1992) - as a part of the process of chromatic
adaptation (e.g. Tandeau de Marsac, 1977). Most benthic marine cyanobacteria
are red, due to a high concentration of the phycoerythrin pigment.
The oscillatoriacean Plectonema terebrans, holds the depth record among
photosynthetic organisms, extending down to a depth 370 m in clear tropical
waters (Le Campion-Alsumard et al., 1982). The same species was also
observed deep inside calcareous skeletons of corals and sponges and in
dimly-lit Mediterranean coastal caves, where it shares the habitat with Plec-
tonema endolithicum. An epilithic community of microbial phototrophs char-
acterized by chromatic adaptation and termed "deep colorful biocoenosis"
(Tiefbunte Biocoenose) has been described in deep lakes (Kann & Sauer,
1982). Equivalent marine habitats have not been explored, although similar
environmental conditions exist in submerged karstic wells known in the
Bahamas as "blue eyes".
At the upper end of the depth gradient, in shallow subtidal, intertidal and
supratidal ranges, cyanobacteria are exposed to damage by excessive light
and UV radiation. These effects are partially offset by increased concentra-
tions of intracellular carotenoids (Plate l, Fig. A). Another wide-spread
response in cyanobacteria involves synthesis of extracellular protective pig-
ments scytonemin and gloeocapsin (e.g. Plate l, Figs B & H, Plate Il, Figs B
& D) which are incorporated into polysaccharide envelopes and sheaths (Gar-
cia-Pichel & Castenholz, 1991). The pigment density is responsive and pro-
portional to the intensity of irradiation, so that the upper surfaces of the
colonies are darker. Such envelope pigmentation occurs in a large number of
coccoid and filamentous cyanobacteria and is weIl documented in the fossil
record. For example, the brown scytonemin pigmentation characterizes the
coccoid cyanobacterium Entophysalis major (Plate l, Fig. C), which forms
extensive, firrnly gelatinous, mamillate coatings in the lower intertidal ranges
of the Arabian Gulf coasts and in the hypersaline Hamelin Pool of Shark Bay,
Australia (Golubic, 1991 ab). Its fossil counterpart Eoentophysalis belcheren-
sis (Plate l, Fig. D), has been recognized in Precambrian cherty stromatolites
(Golubic & Hofmann, 1976). It has since been found to have had a world-
wide distribution throughout the Proterozoic. The ancient cyanobacterium
occurred in paleoenvironments with evidence of tidal exposure, and shows sim-
ilar surface pigmentation and equivalent ceIl division patterns to the modem
counterpart. This fossil evidence documents that cyanobacteria diversified in
structure and function some 2000 My ago, and evolved taxa which are com-
parable to modern cyanobacterial genera and species.
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Latitudinal diversity gradient
The diversity of benthic cyanobacteria is apparently the highest in tropical
oceans, where these organisms remain the least explored. This is certainly the
case with coral reefs (currently explored with CNRS and PNRCO support).
Many species have been reported only from lower latitudes, where they are
now increasingly observed. Red tufts and cobweb-like veils of filamentous
cyanobacteria on coral reefs have been on the increase in recent years, but the
dynamics of this increase, its meaning and the species involved have yet to be
determined. A filamentous cyanobacterium Phormidium corallyticum and
two marine species of Oscillatoria have been found responsible for destruction
of corals (Ruetzler & Santavy, 1983; Richardson, 1992).
More attention has been given to organisms which are associated with stro-
matolitic sedimentary structures, because these may explain fossil stroma-
tolites which dominated Precambrian shallow marine paleoenvironments.
Phormidium hendersonii, for example, which forms characteristic dome-
shaped, intemally laminated thalli of firmly cartilaginous consistency, and is
distinguished by its phototactic response in trichome orientation, was first
described in 1918 on the coast of Cuba (Howe, 1918), but rarely recognized
since. ft had to be virtually re-discovered in conjunction with the study of
modem stromatolites (Golubic & Focke, 1978), and was subsequently found
to be quite common in shallow subtidal and intertidal environments of tropi-
cal seas around the globe. ft is widespread in the Caribbean region, and found
in shallow waters of the ArabianlPersian Gulf, in the reefs of Noumea, New
Caledonia, and in the lagoons of the atolls of the Tuamotu archipelago, French
Polynesia. The shape and internaI laminated architecture of this organism
are reminiscent of ancient stromatolites prevalent in shallow marine paleo-
environments of Precambrian age (Knoll & Golubic, 1992).
Two new species of Phormidium which form soft stromatolitic structures
characterized by dense precipitates of carbonate micrite, and a new species of
Schizothrix were recently discovered in the lagoons of the Pacific atoll Tikehau,
French Polynesia, (Golubic, Camoin, Charpy, unpublished). These taxa are
similar to more recent fossil stromatolitic structures found in early Holocene
cores through the coral reef of Tahiti (Camoin & Montaggioni, 1994).
Cyanobacterial epibionts: competition for space
Marine species of Phormidium with narrow trichomes are common epi-
phytes on other cyanobacteria and algae. They have been studied on Mediter-
ranean coasts, morphologically and ecologically characterized (Wilmotte,
1988), isolated into axenic cultures and later sequenced (Wilmotte et al.,
1992). This group forms a tight phylogenetic cluster of closely related taxa.
Other marine epiphytes include small filamentous cyanobacteria Plectonema
golenkinianum (Plate II, Fig. A) and P. battersii. These organisms are exter-
nally attached to sheaths of other cyanobacteria, while Spirulina subtilissima
and S. tenerrima tend to crawl inside sheaths of other cyanobacteria (Plate II,
Fig. B). Similarly cryptic are the long known endophytic cyanobacterial hab-
itats inside the hollow thalli of siphonelean chlorophytes Codium bursa and
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C. difforme populated by phycoerythrin-rich cyanobacteria, Microcoleus
codii and M. voukii (Frémy, 1934). Epizoic and endozoic habitats include
sponges and didemnid ascidians which harbor coccoid Synechocystis and
Prochloron (Lewin, 1989). Prochloralean prokaryotes apparently evolved from
several separate branches of the cyanobacterial stock (Chisholm et al., 1992).
Common marine epiphytes are baeocyte-forming coccoids Xenococcus
schousboei and various species of Dermocarpella and Cyanocystis. Small coc-
coid epiphytic cyanobacteria « 0.8 ~m diameter) attached to sheaths of large
Lyngbya majuscula (> 80 ~m) illustrate the enormous œil size range repre-
sented among marine cyanobacteria. These small coccoids are often asymmet-
ric, and club-shaped, attached polarly by their narrow ends, apparently weil
adapted to compete for limited settlement grounds (Hua et al.. 1989). Similar
epibiotic arrangements with small coccoids polarly attached to filamentous
cyanobacteria as substrates were established as early as 1400 My ago, as docu-
mented in Gaoyuzhuang cherts of China (Seong-Joo & Golubic, 1998). Like
their picophytoplanktic counterparts, these smallest benthic cyanobacteria are
distinguishable from heterotrophic bacteria mainly by their autofiuorescence.
These microorganisms, for which a term "picophytobenthos" may weil qualify
are common and diversified in modem oceans, yet remain largely unexplored.
Cyanobacteria of the ocean's margins
Coastal marine environments are ecologically and biologically the most
diversified ones. They may be exposed to wave energies, or located in pro-
Plate 1: Fig. A. Firm, gelatinous pinnacle growth of Schizothrix sp.1 on dessication
polygons of "mare à kopara" on atolls of Tuamotu archipelago, French Polynesia.
The polygon in the picture is about 25 cm wide. Courtesy C. JEHL.
Fig. B. Spherically radiating colonies of Schizothrix sp.2 on branches of Acropora
cf. formosa in the lagoon of Tikehau atoll, French Polynesia. The colony in the
center is 5 cm in diameter.
Fig. C. Entophysalis major, the main constituent of lower intertidal mats and micro-
bialites of Hamelin Pool, Shark Bay, Australia.
Fig. D. Eoentophysalis belcherensis, a 1900 My-old fossil entophysalidacean cyano-
bacterium, preserved in silicified stromatolites. Belcher Islands, Canada.
Fig. E. Isactis plana, vertical section through compact slippery coatings on rocks in
the intertidal zone of the Mediterranean coast at Marseille, France.
Fig. F. Gardnerula corymbosa. a tropical coastal rivulariacean. Morgan's Bluff;
Andros Island, Bahamas.
Fig. G. Hydrocoleum lyngbyaceum, a common, cosmopolitan, multitrichomous
oscillatoriacean from rock pools on Dalmatian limestone coast, Croatia.
Fig. H. Lyngbya aestuarii, one of the principal primary producers in shallow, hyper-
saline intertidal ponds. Arabian/Persian Gulf at Abu Dhabi, UAE.
Scale bar in Fig. H is 10 ~m for Figs C, D, E & H; 15 ~m for Fig. Gand 25 ~m for
Fig. F.
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tected bays. Accordingly, a broad spectrum of substrates for microbial settle-
ment exists ranging from coastal cliffs to fine-grain sediments. It includes
shallow subtidal, intertidal and supratidal settings and a transition between
the marine and terrestrial realm. Shallow subtidal environments may experi-
ence higher temperature fluctuations, and stronger wave impact than the
deeper benthos. In the lower intertidal ranges, the stability of the marine
chemical environment is periodically restored by tidal flooding. Conditions
becorne less regular and increasingly more extreme toward the upper inter-
tidal and supratidal ranges. Damaging exposure by excessive light and UV
radiation pose additional constraints to colonization by organisms as dis-
cussed earlier. In supratidal habitats, the organisms are exposed to complete
and prolonged desiccation punctuated by irregular wetting by wave, spray, or
rain. Survival under such conditions is thought to depend on a strategy of
rapid change between metabolically active and dormant states.
Numerous, attached cyanobacteria populate sea coasts, many of them hetero-
cystous. Several marine species of Rivularia, notably R. mesenterica, R. poly-
otis and R. atra, grow in the intertidal ranges on exposed rocky coasts. Sorne
promote precipitation of species-specifically shaped carbonate mineraIs
within their thalli (Golubic & Campbell, 1981). Exposure to wave energy on
exposed rocky shores requires structural firmness, and most epilithic cyano-
bacteria adhere firmly to the substrate. For example, lsactis plana (Plate l,
Fig. E) forms flat slippery coatings on rocky coasts of colder seas, while a
similar niche in tropical oceans is occupied by Kyrtuthrix maculans (Ume-
zaki, 1961). Epilithic assemblages of the intertidal zone include populations
of the coccoid Entophysalis granulosa and Placoma vesiculosa, and the fila-
mentous heterocystous Calothrix crustacea, C. pulvinata, C. confervicola
and Dichothrix bometiana. AlI surfaces overgrown by cyanobacteria are
invariably darkly pigmented by extracellular protective pigments. Tropical
coasts support severallarge heterocystous cyanobacteria. Brachytrichia quoyi
forms macroscopic gelatinous colonies on protected coasts, while Gardner-
ula corymbosa (Plate l, Fig. F) and Calothrix pilosa grow inserted in sand or
form extensive carpets over coastal rocks.
Cyanobacteria in microbial mats
Many coasts of the world's oceans are rimmed by barrier islands and beach
ridges with lagoonal environments behind them. Open lagoonal waters which
are flushed regularly by tidal waters maintain close to normal marine condi-
tions, whereas those isolated from oceanic circulation vary in salinity.
Depending on the particular local climate conditions, isolated lagoonal
waters turn hypo- or hypersaline, or else the conditions change seasonally. In
addition, these environments are subject to frequent violent disruptions and
alteration by storms. Tidal ponds and sand flats surrounding them are tran-
sient environments dominated by microbial mats. These predominantly
prokaryotic microbial ecosystems have attracted the attention of ecologists
who study their contribution to biogeochemical cycling of elements (Cohen
& Rosenberg, 1989; Stal & Caumette, 1994), and geologists who seek inter-
pretational models for ancient stromatolites: fossilized, laminated organo-
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Plate II: Fig. A. Plectonema golenkinianum, a common marine epiphyte on algae and
sheaths of other cyanobacteria. Tidal ponds east of Abu Dhabi, UAE. Scale bar of
10 ~m for al! figures is in figure F.
Fig. B. Intertwined trichomes of Microcoleus chthonoplastes within a common sheath.
Smalt Spirulina subtilissima trichomes commonly penetrate and inhabit the sheaths of
other cyanobacteria. Tidal ponds east of Abu Dhabi, UAE.
Fig. C. Tips of Microcoleus chthonoplastes protruding out of the sheath. Note the char-
acteristic bullet-shaped end cells. Paler, sheathed trichomes of a smal!er cyanobacte-
rium betong to Schizothrix splendida. TidaJ ponds east of Abu Dhabi, UAE.
Fig. D. Johannesbaptistia pellucida from loose cyanobacterial mats f10ating on the
surface of brackish tidal ponds, Camargue, Bouches-du Rhône, France.
Fig. E. Resin-cast cyanobacterial microborings showing a multi-species assemblage
accommodated within a single ooid sand grain of Jess than 0.5 mm across. Shoaling
ooids in shaltow waters of ArabianlPersian Gulf near Dhahran. Cp = Cyanosaecus
pyriformis; Co =Hyella compacta; Sa =H. salutans; St =H. stella; Re =H. reptans.
Courtesy A.A. THUKAIR.
Fig. F. Oldest known cyanobacterial euendolith, Eohyella campbellii, penetrating a
silicified (originally carbonate) stromatolite surface. Approximately 1,500 My-old,
Proterozoic Dahong- Yu Formation, China.
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sedimentary structures which dominated most of the Precambrian fossil
record (Schopf, 1996).
Microbial mats are most diversified along protected tropical coasts, where
they are zonally arranged. The intertidal ranges along such fiat coasts extend
laterally into broad beits, several hundreds of meters wide, f100ded by a com-
bination of tides and on-shore winds. The best studied examples include the
coastal salt flats or sabkhas of Abu Dhabi, UAE; Ras Muhamed on Sinai
Peninsula, Egypt; Hamelin Pool of Shark Bay, Australia, and the sand flats of
Baja Califomia, Mexico (e.g. Potts, 1980; Friedman & Krumbein, 1985; Gol-
ubic, 1991ab). Cyanobacteria constitute the main trophogenic component of
these microbial mat ecosystems. Microbial mats stabilize loose sediments
and contribute to the build-up of stromatolitic structures. They are often dom-
inated by a single cyanobacterial species such as, for example, Schizothrix
gebeleinii which forms subtidal stromatolites on the Bahamas carbonate plat-
form (Golubic & Browne, 1996), or Entophysalis major which overgrows
mats and stromatolitic heads in the lower intertidal ranges of the coasts of
Abu Dhabi and Shark Bay (Golubic, 1983).
Reef cyanobacteria overgrow loose sandy bottoms, hard grounds and other
organisms. They include highly motile forms which altemately spread and
aggregate in response to daily changes in illumination. Soft muddy floors of
tropicallagoonal waters are often coated by temporary mats, comprised alter-
natively by different gliding filamentous cyanobacteria, including Hydroco-
leum lyngbyaceum (Plate l, Fig. G), H. coccineum, Spirulina labyrinthiformis
and several species of Oscillatoria. Protected sandy areas between coral reef
frame structures are commonly coated by reddish veils of the large sheathed
Lyngbya majuscula, which often become detached and roll in loose clumps
over the sea floor.
Other microbial mats are mixed communities composed of several taxa,
which are frequently arranged in layers, reflecting physico-chemical gradi-
ents across the sediment-water interface (Cohen et al., 1977; Jorgensen et al.,
1992). Lyngbya aestuarii (Plate l, Fig. H) and Microcoleus chthonoplastes
(Plate II, Figs B & C) are the most common constituents of stratified intertidal
microbial mats. M. chthonoplastes is known for its extreme salt tolerance in
solar salt works. The analysis of the genetic identity of geographically distant
strains of M. chthonoplastes has recently confirmed the cosmopolitan distri-
bution of this species (Garcia-Pichel et al., 1996). Other co-occurring cyano-
bacteria include, Spirulina subsalsa, S. labyrinthifonnis and several Schizothrix
species. Protected lagoonal environments and ponds in salt marshes harbor
large marine Oscillatoria species: O. margaritifera, 0. bonnemaisonii, O. nigro-
viridis and 0. laetevirens.
Extensive ponded tidal flats of the west coast of Andros Island, Bahamas
support an array of different microbial mats. Along the protected coasts of the
Bahamas-Florida carbonate platform, benthic microorganisms often have to
cope with high rates of sedimentation of very fine carbonate mud. Sorne
cyanobacteria escape burial by rapid gliding movement, perpetually recolo-
nizing newly deposited sediment surfaces. Others are vertically inserted in
the mud, competing with the high rates of sedimentation by rapid upward
growth. A special case is illustrated by a marine coccoid Cyanostylon-like
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cyanobacterium which forms colonies that exclude sediment particles and
protruds its cells out of the mud by directional production of gelatinous stalks
(Plate III, Figs A & B).
The mats in shallow ponds scattered over the Andros coastal plain are
dominated by Lyngbya confervoides and L. semiplena, often accompanied by
Johannesbaptistia pellucida (Plate II, Fig. D). Extensive areas surrounding
these ponds are covered by carpets of Scytonema "androsense" (Plate III,
Fig. C). Other large, mat-forming species of the same genus common along
tropical coasts include Scytonema polycystum and sorne other marine Scy-
tonema species which still await formaI description.
Under more arid c1imatic conditions, coastal ponds tum hypersaline, often
accompanied by chemical stratification and heliothermal heating. These
ponds are dominated by specialized cyanobacteria, many with particular met-
abolic fiexibility (Cohen et al., 1975; Campbell & Golubic, 1985; Jorgensen
et al., 1986).
Accumulation of organic matter and microbial respiration within microbial
mats frequently leads to oxygen deprivation, creating conditions for incom-
piete decomposition and ultimate burial of organic matter in sediments.
Microbial mats have generally high preservation potential. Early rapid silici-
fication, apparently more common in the Precambrian ocean than today, con-
tributed to the preservation of microbial fossils, often encompassing entire
populations in growth position. Preserved sheaths of unitrichomous and
multi-trichomous cyanobacteria found in 1400 million years old silicified
mats of northem China show striking similarity to modem Schizothrix and
Microcoleus, in shape, distribution and position of filaments with respect to
sediment refiective of behavioral responses (Seong-Joo & Golubic, 1998).
Endolithic cyanobacteria and bioerosion
Cyanobacteria that colonize the interior of hard substrates are generally
known as endoliths. The endolithic mode of life includes several different
ecological niches: chasmoendoliths and cryptoendoliths occupy fissures and
structural cavities in the rocks, whereas euendoliths penetrate soluble carbon-
atic and phosphatic substrates (Golubic et al., 1981).
Rock fissures and intergranular spaces in sandstones and other porous
rocks provide shelter for simple unicellular, baeocyte-producing taxa like
Stanieria and Chroococcidiopsis. Sorne of them extend high into the inter-
tidal and supratidal ranges, seeking microhabitats which retain sorne mois-
ture. They are found under extremely dry, hypersaline conditions, undemeath
salt crusts of the Arabian gulf Sabkhas, Mexican playa lakes and similar envi-
ronments elsewhere. Marine cryptoendolithic species are morphologically
similar to those known to inhabit similar habitats in hot and coId deserts (e.g.
Friedmann & Ocampo, 1976; Palmer & Friedmann, 1990).
Like other organisms, benthic cyanobacteria diversified and specialized
with respect to the substrate they colonize. Loose sandy and muddy bottoms
are generally occupied by different organisms than those of rocky hard-
grounds. At the microscopic scale, however, these distinctions are not always
cIear. Specialized euendolithic microorganisms penetrate hard substrates and
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Plate III. (legend on the opposite page). See color plates at the end of the volume.
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colonize the interior of solid rocks as weIl as loose sand-size particles and
skeletal fragments. Vast surfaces of shifting sands in shallow tropical seas,
from ooid shoals on the Bahamas and ArabianIPersian gulf, to coral rubble
and sands of the Pacific atolls, appear macroscopically barren - but each cal-
careous sand grain, if exposed to light and nutrients, is potentially a cyano-
bacterial habitat. Oolitic grains and sand-size shell fragments often contain
entire assemblages of euendolithic cyanobacteria now (Thukair & Golubic,
1991a) (Plate II, Fig. E), as in the Precambrian (Campbell, 1982). These
organisms are often exposed to changes in light and nutrients as the sand
grains are moved and chumed by waves and tidal currents.
The morphologically complex, baeocyte-forrning coccoid cyanobacterial
genus Hyella appears to be particularly successful in colonizing sand grains
in loose and shifting shoals, where it is represented by several weIl charac-
terized species, such as H. immanis, H. gigas, H. salutans, H. reptans,
H. conferta, H. racemus (Plate III, Fig. E), H. stella (Plate III, Fig. F) and
H. vacans (Lukas & Golubic, 1983; Thukair & Golubic, 1991b; Thukair et
al., 1994; Gektidis et al., 1996). Fossil counterparts of euendolithic cyano-
bacteria, described as the paleo-genus Eohyella penetrated stromatolitic
hardgrounds as early as 1400 My ago (Plate II, Fig. F). By the end of the Pre-
cambrian times (ca. 800 My ago), Eohyella diversified into several species
which were found penetrating ancient ooid sand grains (Knoll et al., 1986;
Green et al., 1988). These ancient fossil assemblages (Plate III, Fig. G)
Plate III: Fig. A. Darkly pigmented colonies of a stalked coccoid Cyanostylon-like
cyanobacterium inserted in fine carbonate mud. Intertidal zone of the fiat, protected
west coast of Andros Island, Bahamas.
Fig. B. Vertical section through one of the dark colonies shown in Fig. 1. Ovoid
cyanobacterial cells project upward by directional production of layered stalks, a
behavior observed in a similar Proterozoic fossil organism: Polybessurus.
Fig. C. Extensive fields of Scytonema "androsense" among mangroves surounding
coastal ponds on the west coast of Andros Island, Bahamas.
Fig. D. Filaments of Scytonema endolithicum with protective sheath pigment
scytonemin. Supratidal, wave spray zone, Sicily, Italy.
Fig. E. Carbonate boring (euendolithic) coccoid cyanobacterium Hyella racemus
extracted from a sand grain. Ooid shoals, Joultar's Keys, Bahamas.
Fig. F. Characteristic fork-like branching of Hyella stella. The organism is in down-
ward growth position, acid-extracted from a shell fragment, Florida Keys, USA.
Fig. G. Fossil ooid-boring cyanobacteria Eohyella dichotoma and Eohyella sp. pre-
served in cherts of ca. 800 My-old deposits. Courtesy A. KNOLL.
Fig. H. Biokarst formation typical of supratidal ranges of limestone coasts, occupied
exclusively by endolithic cyanobacteria, which are grazed by coastal snails. Lee
Stocking Island, Bahamas. The hight of the limestone ridge in the center of the
picture is about 30 cm.
Scale bar in Fig. E is 10 llm for Figs B, E & F, and 2511m for Figs 0 & G.
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contain several morphologically well characterized species, each comparable
with a particular Hyella species in modern ooid grains.
Cyanobacteria which densely populate intertidal and supratidal ranges of
rocky carbonate coasts inc!ude epilithic and endolithic forms. As previously
discussed, different species are distributed in response to average wetting by
tides and waves, in distinctive zones of their dominance. However, on rocky
shores, this distribution is strongly modified by microrelief of rock faces
offering microhabitats with different drainage vs. water retention. Rock pools
of different sizes represent habitats with different degrees of environmental
fluctuation, each with its own zonation of microhabitats (Schneider, 1976).
Euendolithic coccoid cyanobacteria on rocky limestone coasts include a wide
range of forms, from those with simple morphology of Synechococcus
(Le Campion-Alsumard, 1976), to bag-shaped, baeocyte-forming species of
Cyanosaccus (Lukas & Golubic, 1981; Anagnostidis & Pantazidou, 1988), to
morphologically complex species of Hyella (H. gigas, H. caespitosa, H. balani)
(Lukas & Golubic, 1983; Le Campion-Alsumard & Golubic, 1985), and
Solentia (S. paulocellulare, S. foveolarum and S. achromatica) (Le Campion-
Aisumard et al., 1996). These coccoid taxa alternate with filamentous, hetero-
cystous endolithic cyanobacteria such as Mastigocoleus testarum and Kyr-
tuthrix dalmatica (Golubic & Le Campion-Alsumard, 1973). The uppermost
ranges of wave-sprayed supratidallimestone coasts are shared among popula-
tions of filamentous endoliths Herpyzonema intermedium, Lithonema adriat-
icum and Scytonema endolithicum (Plate III, Fig. D) and entophysalidacean
coccoids Hormathonema violaceo-nigrum and H. luteo-brunneum which
only partially penetrate into the carbonate substrate.
Intertidal and supratidal ranges of carbonate coasts are sites of the most
intensive bioerosion which effectively destroys rocky shores and contributes
to fine grain sediment production at a geologically significant scale (Schnei-
der, 1976). Epilithic and endolithic cyanobacteria are the principal primary
producers in these ranges and the ultimate cause of coastal bioerosion. They
provide nutrition for a variety of grazing animaIs, each equipped with hard
rock-scraping mouth parts. As compared with the formidable destructive
capacity of these grazers, the bioerosion effect of microscopie cyanobacteria
alone appears modest. However, the significance of cyanobacterial coloniza-
tion in these intertidal ranges is in providing the very base of a complex and
diversified trophic pyramid. As a consequence of settling preferences, indur-
ance. and competitiveness of endolithic cyanobacteria, coastal rocks are also
biodegraded selectively, resulting in peculiar bio-karstic geomorphological
features (Plate III, Fig. H) which include elaborate sharp-edged karstic rock
forms (lapies, Karren), flat-bottom rock pools and deep horizontal intertidal
notches (Schneider & Torunski, 1983). These processes act as positively re-
enforcing mechanisms, producing additional sheltered microbial habitats
with improved local water retention, consequently maintaining and fostering
biological diversity. These interactions are particularly diverse and evident on
tropical carbonate coasts where cyanobacterial consumers include an array of
echinoderms, polyplacophoras and gastropods (Radtke et al., 1996). Marine
coastal bioerosion is just another example of an integrated process which
operates at several levels of organization, from the cellular to the eco-
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systemic. It illustrates the interdependence between organisms of discrepant
sizes, and evolutionary histories, and it should remind us that similar integra-
tions have been evalving aver geological time in marine environments every-
where, ever since cyanabacteria first "leamed" to use photons to split water
molecules.
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INTRODUCTION
At present, there is no data on RNA metabolism in the ecologicaIly impor-
tant marine oxyphotobacterium Prochlorococcus marinus. RNase P, one of
the endoribonucleases required for biosynthesis of tRNAs, and thus for main-
tenance of the protein synthesis machinery in aIl organisms, is a unique
enzyme: it consists of two components, a polypeptide and the enzymaticaIly
active RNA molecule. These enzyme subunits have not been investigated on a
genomic level or functional1y analysed in any marine prokaryote so far. The
main function of RNase P is the 5' processing of tRNA transcripts to generate
the functional, mature tRNAs. Analysis ofRNase P RNA sequences from natural
samples has provided important information on structural requirements for
this naturaIly occuring RNA enzyme, as wel1 as on particular RNase P RNA
sequences and structures characterizing the diversity of natural microbial
populations (Brown et al., 1996).
RESULTS AND DISCUSSION
The core region of the Prochlorococcus marinus CCMP 1375 gene encod-
ing the RNA component of RNase P (rnpB) was amplified by PCR using
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primers specific for two conserved regions. The obtained fragment was used
after cloning and sequencing as a probe for physical mapping of rnpB
(Fig. lA) and to identify a cosmid clone containing this gene. With a length
of 387 nt the P marinus RNase P RNA is one of the shortest cyanobacteriaJ
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Figure 1. A. Southern analysis: Genomic DNA of P mariT/us CCMP 1375 was
digested with the restriction endonucleases EcoRI (E), BamHI (B), HindIlI (H), PstI
(P), Xhol (X), individually or in pairwise double digests and subjected to Southem
hybridization with a 318 nt PCR product containing the core region of Prochloro-
coccus rnpB. M = molecular weight standard (bacteriophage le DNA hydrolyzed
with PstI). B. Comparison of rnpB coding regions of P mariT/us, C. paradoxa and
P purpurea plastids. The numbers indicate the nucleotide positions in the respective
genomes; mc, RNAse II gene.
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RNase P RNAs. The base composition of rnpB is not biased towards the low
G + C content of 38 % found in several other genes of P. marinus CCMP
1375 (Hess et al., 1995, 1996). With 51.5 % it is very similar to the 47-57 %
typical for other cyanobacterial rnpB sequences (Banta et al., 1992; Vioque,
1992, 1997; Fingerhut & Schon, 1998). Sequence and structure characterize
it as belonging to the same type as the RNase P RNAs from cyanobacteria,
red algal plastids, and cyanelles of Cyanophora paradoxa, despite sorne
peculiarities. P. marinus RNase P RNA is catalytically active in vitro (Hess
et al., 1998).
Functional analysis of the genomic region containing rnpB revealed that
the putative transcriptional start site has no obvious homology to eubacterial
consensus promoters. Most interestingly, a gene for tRNAArgccu (trnR) is
present just 38 nt upstream of rnpB but in opposite orientation (on the other
strand). This head-to-head gene arrangement resembles the situation in the
cyanelles of the primitive alga Cyanophora paradoxa (Baum & Schon 1996)
and in the plastids of the red alga Porphyra purpurea (Reith & Munholland,
1995; Fig. 1B). In contrast, this organization is very different from other
cyanobacteria, like e.g. Synechocystis 6803 in which rnpB is not in close
physical proximity to any other coding region. Hence it might resemble an
ancient arrangement (partially) conserved in the two plastid genomes, in
Prochlorococcus, and possibly also in other cyanobacteria or it might simply
reflect the selection towards genome minimization in the organelles and in P.
marinus CCMP 1375. The promoter regions of rnpB and of the trnR gene
overlap each other. Whether this situation has regulatory implications for
gene expression is currently not known but might be an interesting subject in
further studies.
The gene encoding tRNAArgccu does not include the functionally impor-
tant 3' CCA-sequence (Fig. 2A). Thus the existence of a highly efficient
tRNA nucleotidyltransferase is required in P. marinus, adding these nucle-
otides on tRNAs during post-transcriptional processing steps. This lack of the
3' terminus is different from the tRNA-encoding genes of most bacteria, but
in agreement with those of cyanobacteria and plastids and stresses once more
the evolutionary relationships between Prochlorococcus and cyanobacteria.
In a recent study targeted on the substrate requirements of P. marinus
RNase P, the 3' CCA sequence was found to be of crucial importance for effi-
cient pre-tRNA recognition. This is of particular interest, because the P. mari-
nus ribozyme does not contain the structural motif required for binding of the
CCA-terminus in most other bacteria (Hess et al., 1998). The corresponding
structural domain of the P. marinus RNA thus resembles the majority of
cyanobacterial RNase P RNAs (Vioque, 1997). It is currently not known
which domain of the P. marinus RNase P RNA recognizes the 3' terminus of
the pre-tRNA substrate.
Due to the high abundance of RNase P RNA in vivo and its high sequence
diversity, its usefulness as a target for genotype-specifie in situ hybridization
may be envisaged. We therefore compared the core sequences of RNase P
molecules from different cyanobacteria (Fig. 2B). Functionally important
conserved sequence blocks are interspersed with highly variable regions. Pre-
Iiminary experiments suggest that even within the Prochlorococcus c1uster,
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Figure 2. A. Cloverleaf structure of the P marinus tRNAArgccu. The anticodon bases
are shown in yellow, the discriminator base in green, and the posttranscriptionally
added CCA in red. B. Comparison of different cyanobacterial RNase P RNAs. The
P marinus RNA has been aligned to the most reJated sequences of several other
cyanobacteria (ATCC29413 =Anabaena sp. ATCC 29413, NPCC7413 =Nostoc sp_
PCC 7413, SPCC7001 = Synechococcus sp. PCC 700 l, SPCC6717 = Synechocystis
PCC 6717; Vioque 1997)_ Although structurally strongly related. cyanobacterial
RNase P molecules contain large blocks of only poor conservation that are displayed
in pink. See color plates at the end of the volume.
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significant sequence diversity can be expected. We suggest this information
can be used to design oligonucleotide primers specifie for the detection of
DNA from a particular group of marine cyanobacteria by PCR. The analysis
of amplified DNA-fragments then may provide helpful data for the identifi-
cation of certain genotypes.
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INTRODUCTION
The genus Arthrospira has been shown to be quite distinct from Spirulina
through ultrastructural and biochernical studies. At the subgeneric level, how-
ever, only two species, A. platensis andA. maxima are mentioned in recent lit-
erature on ftoristic and mass culture studies as also in the latest edition of
Bergey's rnanual (Castenholz, 1989). In order to verify this, Desikachary and
Jeeji Bai (1992, 1996) studied a large nurnber of strains and natural samples
from different sources and allocated them to four species:
A. indica Desik. et Jeeji Bai (1992); identical with A. fusiformis (Woron.)
Korn. et Lund except for the presence of a conical calyptra.
A. maxima Setch. et Gard. in Gardner (1917); the apical thickening of end
cell mentioned in the original diagnosis represents the first stage of calyptra
formation.
A. massartii Kuff. var. indica Desik. (1959); the variety has a convex disc-
like calyptra on non-attenuate end cell.
A. platensis (Nordst.) Gorn. (1892); the end cell shows different degrees of
capitate condition.
In this study, they also evolved certain new and more reliable criteria to
distinguish the taxa of Arthrospira.
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TAXONOMIC CRITERIA EMPLOYED IN THE STUDY
1. Coiling Pattern - degree of narrowing of end coils as compared to the
median ones; the resulting overall morphology of the trichomes - whether
fusiform to dumb-bell shaped or cylindrical.
2. Degree of trichome attenuation towards the ends - whether graduaI or
abrupt, whether slightly or distinctly so.
3. Constriction at cross walls - whether slight or distinct.
4. The average width of trichomes.
5. The shape of cells - whether long-cylindrical, as long as to slightly longer
than broad or discoid.
6. End œIl morphology - whether simple and rounded, slightly or distinctly
capitate, calyptrate or both capitate and calyptrate.
7. Shape of calyptra - whether acutely or obtusely conical or convex.
8. Habit - whether planktic or benthic, with or without gas vesicles.
9. Habitat - whether fresh water, brackish water or marine.
Based on these criteria, the existing taxa of Arthrospira have been analysed
and revised. Sorne accepted revisions proposed by others have also been
included.
TAXA OF ARTHROSPlRA RECOGNISED AND THEIR SYNONYMS
A. jenneri (Hass.) Stiz. Type species.
Synonyms:
A. balkrishnanii Kamat (1963, Drouet, 1968); differs from the type
only in the somewhat narrower trichomes and lax and wavy coils.
A. spirulinoides (Ghose 1923, proposed by Drouet, 1968); described
as coils touching each other. In a strain of A. jenneri, UTEX 2179, this
condition occurs regularly.
A. joshii (Vasishta 1963, proposed by Drouet, 1968).
J. jenneri f. tenuis (Singh) comb.nov.
Synonym:
A. spirulinoides f tenuis Singh (Desikachary, 1959 p. 189); This is a
narrower form of A. spirulinoides.
A. jenneri f purpurea Collins (1909, Drouet, 1968); herbarium specimen
examined.
A. tenuis Bruhl et Biswas (Desikachary, 1959 p. 191).
Synonym:
A. desikacharyensis (Vasishta 1962, excluded by Drouet, 1968).
A. khannae Drouet et Strickl. (Desikachary, 1959 p. 189); herbarium speci-
men examined.
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Synonym:
A gomontiana var. crassa (Gupta) Desik. (Desikachary, 1959, p. 192);
this variety shows dimensions which are very different from those of
A gomontiana and faH within the range of those of A. khannae.
A gomontiana Setch. (Desikachary, 1959 p. 192, not reported from India);
herbarium specimen examined.
A miniata (Hauck) Gom. (Geitler, 1932, p. 924, not reported from India).
A miniata var. constricta Hoffmann (1991).
A funiformis Vauk, 1915 (Kornarek, 1956; not reported from India).
Synonym (proposed by Komarek, 1956):
A. breviarticulata Setch. et Gard. (1918)
A massartii Kuff. (Desikachary, 1959, p. 191, not reported from India).
A massartii var. indica Desik. (Desikachary, 1959, p. 191).
Synonyms (proposed by Desikachary & Jeeji Bai, 1996).
A. platensis sensu Sarrna & Kanta (1978).
A platensis var. non-constricta (Banerji) Desik. sensu Sanna & Kanta
(1978).
A platensis sensu Deore (1992).
A platensis var. tenuis (Rao, C.B.) Desik. (proposed now).
A maxima Setch. et Gard. in Gardner (1917, Geitler, 1932, p. 924).
Synonym (proposed by Desikachary & Jeeji Bai, 1996).
Spirulina gigantea sensu Deore (1992).
A indica Desik. et Jeeji Bai (1992).
Synonyms (proposed by Desikachary & Jeeji Bai, 1992):
S. fusiformis Woronichin sensu Jeeji Bai & Seshadri (1980), non
Woronichin ex Elenkin (1949).
A platensis f.granulata Desik. (Desikachary, 1959, p. 190).
A maxima sensu TornaseHi et al. (1993).
A platensis sensu Rich (1931).
A platensis (Nordst.) Gorn. (Desikachary, 1959, p. 190).
A platensis var. californica Gardner; herbarium specimen examined.
Afusiformis (Woron.) Korn. et Lund (1990).
Synonym:
Spirulina fusiformis Woronichin ex Elenkin (1949).
A okensis Meyer has been transferred to Romeria as R. okensis (Meyer)
Hindak (1988).
A curta Lemm. has been transferred to Borzia as B. curta (Lemm.) Anag. et
Kom. (1988).
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ABSTRACT
This work reports the occurrence of macroscopic phototrophic microbial
masses, mats, and nodules from thermal springs in a coastal evaporitic system
associated with mangroves at Bahia Concepcion, BCS, Mexico. The study
includes epilithic and epipelic cyanobacteria from caIcareous structures, ben-
thic slime mud and cyanobacterial mats from a hypersaline fiat. The macro-
scopic microbial structures of Santispac thermal springs grow under unusual
environmental conditions: high temperature (41-52°C), high salinity (2.5-
2.8%), high light intensity (1500 ilE m-2 S-l), and the presence of elemental
sulfur. From these unique biotopes, eight strains of cyanobacteria were iso-
lated and are now part of the CIBNOR microalgae collection. They are
recorded in a formaI data base and preserved in Iiquid nitrogen for further
research.
INTRODUCTION
The microbial ecology of hypersaline environments of Baja Califomia has
been studied extensively (Cohen & Rosenberg, 1989; Lopez-Cortes, 1998).
The marine cyanobacteria from the Gulf of Califomia and its coastal evapor-
itic systems are only partially known, identified, and preserved. The aim of
this study was to characterize the macroscopic microbial structures, identify
and preserve the main cyanobacteria that occur in coastal evaporitic systems
and on the bottom of Bahia Concepcion, BCS, Mexico.
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MATERIALS AND METHODS
The field work was done in Bahia Concepcion, Gulf of Califomia, BCS,
Mexico, from October 1995 to October 1997. Three sampling stations were
selected on the west side of the bay.
1. Thermal springs in coastal evaporitic system at Santispac Beach. In this
locality there are two thermal springs on an evaporite fiat ("mini sabkha"),
bordered towards the sea by mangrove trees, a smalllagoon, and a beach. The
first pond is a shallow hot spring with three hydrothermal vents spurting hot
fresh water, which mixes with seawater. The water is clear and colorless, with
temperatures ranging from 41 to 52°C, 2.5% to 2.8% salinity, and pH 6.8.
Macroscopic prokaryotic phototrophic masses composed of filaments were
found in the vents, with short columns, microbial mats, and scums around it.
The second pond had the ranged oftemperature from 28 to 45°C, 2.9% salinity,
and pH 7.1. Benthic microbial communities were attached to the surface and
walls of the pond. Others detached from the bottom and formed scums fioat-
ing on the water surface. Of particular interest were the nodules (oncoids)
from the walls and edges of this second thermal spring.
2. Calcareous algae, shells, rock, sand, and slime mud from the bottom
(3.5 to 18 m) in front of El Coyote Beach were used as sampIes. The tempera-
ture was 19 and 20°C, salinity was 3.5%, and the pH varied from 6.5 to 7.6.
3. Hypersaline fiat, Los Pinos. Laminated microbial mats rich in evaporitic
mineraIs occurred in a shallow pond. The temperature was from 21 to 37°C,
salinity was 2.4 to 4.0% , and pH was 6.9 to 7.2.
Two media were used for the enrichment and isolation of prokaryotic pho-
totrophs, Pfennig medium (Trüper, 1970) and ASNIII medium (Rippka et al.,
1981). BottIes filled with liquid Pfennig medium were incubated at tempera-
ture of 25°C and light intensity of 25 f.lE m-2 S-1 for six weeks. Most of the
cyanobacteria were isolated by pour-plate technique in ASNIII, but, sorne also
from liquid Pfennig medium. The ASNIII plates with subsamples from bot-
tom, oncoids, and microbial mats were incubated at light intensity of 50 f.lE
m-2 S-1 at 25°C, and those from hot springs at light intensity of 25 ~E m-2 s-l
and temperature of 50°C.
Microscopic analyses of subsamples, previously fixed in a buffered
(MgC03) 3% solution of formaldehyde in sea water of each site, were made.
Preparation for light microscopy of calcareous algae was done by dissolving
the substrate using 3% HCl as a carbonate solvent (LeCampion-Alsumard &
Golubic, 1985). Isolated strains of cyanobacteria were identified to the species
level by phenotypic traits including morphological and, in sorne cases, bio-
chemical, physiological and ecological characteristics (Geitler, 1925; Desika-
chary, 1959; Tilden, 1910; Golubic, 1976; Komârek & Anagnostidis, 1986;
Anagnostidis & Komarek, 1988).
Eight different species of monocyanobacterial high-density cell cultures
from the stationary phase were chosen for preservation in liquid nitrogen
(Rippka et al., 1981). The relational database is made with eight entries;
TAXONOMY, SYNONOMY, CURATOR, PHYSIOLOGY, GEOGRAPHY, BIBLIOGRAPHY,
INSTITUTION, and PERSON.
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RESULTS AND DISCUSSION
Microorganisms in thermal springs, at Santispac, grow and develop to
macroscopically visible filamentous, cylindrical, domal masses, and scums
(Fig. lA). At the end of the wann period in October of 1995, a green, colorful,
filamentous microbial community occurred in a hydrothermal vent (52°C).
The filament structure was formed in the direction of flowing hot water from
the vent, reaching the surface (35 cm), and adopting a flat shape. The struc-
ture was mainly composed of filamentous cyanobacteria Leptolyngbya ther-
malis (Fig. 1C), Limnothrix amphigranulata (Fig. ID), and anoxygenic photo-
trophic bacterium Chlorofiexus, but also contained unicellular cyanobacteria
Aphanothece bullosa (Fig. IF), Chroococcus minutus, and Ch. turgidus (Fig. lB).
A few types of specialized microorganisms proliferate in an unusual environ-
ment characterized by high temperature, flow ofwater, high salinity and pres-
ence of sulfur. Similar environments and microbial communities dominated
by Leptolyngbya thermalis have been reported for the Blue Lagoon geother-
mal area in Iceland (Pétursd6ttir & Kristjansson, 1996), and others from the
Tengchong hot sea geotherrnal region in China, dominated by Chlorofiexus
and Synechococcus (Zhang Yun, 1986). Spherical to subspherical oncoids
were found in hot springs. The average diameter of the oncoids seen are about
2 to 4 cm. The oncoids show a well-laminated cortex composed of alternating
layers, light, white evaporitic-rich laminae, and porous, darker, organic-rich
material. From the oncoids, Synechococcus elongatus (Fig. 1E), Synechocystis
pevalekii (Fig. IN lower right), and Gleocapsa sp. have been identified.
From the bottom at Isla El Coyote, epilithic cyanobacteria were common
at 3.5 to 15 m depth, growing on the surface of calcareous red algae (Rhodo-
phora). The main species were Calothrix contarenii (Fig. 11), Phormidium
rubrum (Fig. 1G), Phormidium spp, Lyngbya aestuarii (Fig. lH), Oscilla-
toria vizagapatensis, and Spirulina meneghiniana (Fig. 11). P. rubrum is a
scarlet filamentous material rich in phycoerythrin, suggesting complementary
chromatic adaptation in environments with low light intensity. AIso, epipelic
cyanobacteria were found at depths of 15 m, where only slime mud exists.
The cyanobacteria identified were Spirulina sp. (Fig. lM), Phormidium pur-
purascens (Fig. IL), P. molle, and Limnothrix amphigranulata, which coexist
with Beggiatoa sp. (Fig. 1K), a chemolithotrophic bacterium.
Laminated microbial mats found in the hypersaline flat at Los Pinos, show
a pattern of layers colored orange-yellow, green, red-purple, and black. The mat
was dominated by Lynbgya aestuarii, Microcoleus chthonoplastes (Fig. IN),
Spirulina subtilissima (Fig. IN, left), S. subsalsa (Fig. 1N), Phormidium
tenue, Oscillatoria limnetica, Limnothrix amphigranulata, Synechocystis
pevalekii, Synechoccoccus aeruginosa, and Chromatium sp.. Similar mats
have been reported for the Pacifie Ocean coast of Baja California (Cohen &
Rosenberg, 1989; Lopez-Cortes, 1998). The mats from Los Pinos, Bahia
Concepcion, Gulf of California are different in texture and are the first
described for this area. A summary of the distribution, environments, micro-
bial structures, cyanobacteria and related organisms, from Bahia Concepcion
are shown in Table 1.
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Figure 1. Macroscopic phototropruc structures and prokaryotic cells from Bahia Concep-
cion, B.CS., Mexico. (A) Macroscopic phototrophic prokaryotic masses in thennal
spring at Santispac. (B) Chroococcus minutus, associated with pholotrophic filaments.
Inset show Chroococcus /lIrgidus. (C) Leptolyngbya thernuzlis. (D) Limnothrix amphi-
granulata. (E) Synechococcus elongatus. (F) Aphanothece buLlosa. (G) Phormidium
rubrum. (H) Lyngbya aes/ltarii. (1) Calothrix contarenii. (1) Spirulina meneghiniana.
(K) Beggiatoa sp. (L) Phormidium purpurascens. (M) Spirulina sp. (N) Microcoleus
chthonoplastes. (N) Spirulina submlsa. Upper left insel Spirulina subtilissirna. Lower
right inset Synechocystis pevalekii. See color plates at the end of the volume.
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Table 1. Distribution and diversity of cyanobacteria in different environments
of Bahia Concepcion, Baja Califomia Sur, Mexico. The species names appear
in order of relative abundance.
Geoposition Locality Environment Structure Cyanobacteria species
26°45'46", Santispac Hot spring Filaments Leptolyngbya thermalis*
111 °53'38" mangroves in Sabkha in vent Limnothrix amphigranulata *
microbial Chroococcus minutus
mats Chroococcus turgidus
Aphanothece bullosa*
Oncoids Gleocapsa sp.
Synechococcus elongatus*
Synechocystis pevalekii
26°43'32", El Coyote Sea bottom Epilithic Calothrix sp.
1W54'06" Punta Cola (3.5 m) on red algae Phormidium rubrum *
De Ballena Rhodophora
26°44'29", El Coyote Sea bottom Epilithic on Lyngbya aestuarii
111°52'30" Isla (12.0 m) caIcareous Calothrix contarenii
La Cueva and other Phormidium rubrum
surfaces Spirulina meneghiniana
Oscillatoria vizagapatensis
Sea bottom Slime mud Spirulina sp.
(18 m) Phormidium purpurascens
Phormidium spp.
26°43'08", El Coyote Sea bottom Epilithic on Calothrix contarenii
1W52'04" Isla Blanca (15 m) Rhodopora Phormidium tenue
.................... ...................
Seabottom Slîme mud Spirulina sp.
(18 m) Phormidium purpurascens
Phormidium molle
Limnothrix amphigranulata
26°43'19", El Coyote Sea bottom Epilîthic on Hydrocoleum sp.
1W53'20" Isla Coyote (6.0 m) shell and rocks Phormidium okenii*
26°32'10", Los Pinos Hypersaline Laminated Microcoleus chthonoplastes
111°44'20" fiat microbial Spirulina subtilissima
mats Spirulina subsalsa
Phormidium tenue
Oscillatoria limnetica *
Limnothrix amphigranulata
Synechocystis pevalekii*
Synechococcus aeruginosa
* Isolates preserved in liquid nitrogen as monocyanobacterial strains.
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Macroscopic structures, filamentous mass, oncoids and mats grow under
different combined and unusual environmental conditions; relatively high
temperature (28-52°C), salinity (2.4-4.0%), high light intensity (1500 ilE m-2
S-I), or low light intensity (10 ilE m-2 S-I), and presence of elemental sulfur.
The use of classification systems built for cyanobacteria from terrestrial
freshwater environments, had limitations for the identification of the strains
isolated from these singular biotopes.
Besides the taxonomie importance of the extremophiles, the prokaryotic
phototrophs of extreme environments have been considered relicts of primor-
dial forms of life. The microbial ecology of thermal springs associated with
hypersaline environments from Santispac could help explain sorne paleonto-
logical and geological features of the rocks from Warrawoona Group, Aus-
tralia (3.5 x 109 years old). The sedimentary evidence shows that Warrawoona
rocks were deposited in a shallow hypersaline water body, associated with
volcanic activity (Barley et al., 1979). From the Precambrian fossil record,
morphological similarities and ecological setting of hot salt sulfur waters of
recent counterparts suggest that cyanobacteria and other prokaryotic photo-
trophs (Chloroflexus) could be related with hot salt water environments and
may have been dominant in early Precambrian.
Strains of eight different species have been preserved in liquid nitrogen
and are recorded in a data base available for consulting in SEMARNAP and
CIBNOR. These strains are part of the CIBNOR microalgae collection and
their description appears on the internet (http://www.cibnor.mx/malgas/
ealgas.html).
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ABSTRACT
Six unicellular marine cyanobacteria strains of the order Chroococcales
isolated from the Baltic Sea were examined by DNA sequence analysis and
RAPD-PCR. The results were correlated with the classical determination
relying on morphological features. After sequencing the complete 16S rDNA
of one strain, a highly variable 305 bp fragment was further investigated from
aIl six strains. RAPD-PCR was used to reveal DNA sequence polymorphisms
on a level beyond the taxonomic range approached by the 16S rDNA. Fur-
therrnore, a unique band obtained from the RAPD-pattern was cloned and
finally used to compare the strains by Dot-Blot hybridization using this
sequence as probe.
Three of the six cyanobacterial strains showed almost 100% sequence
identity of the 16S rDNA investigated. No polymorphism was detected in the
RAPD band pattern of these strains. In addition, positive Dot-Blot signaIs
were obtained using the cloned RAPD-probe with these three strains.
These results suggest that three of the six unicellular marine cyanobacteria
strains examined should be considered as a single species. The investigation
shows that the molecular techniques applied are useful tools to complement
cyanobacterial taxonomy and to infer interspecies relationships.
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INTRODUCTION
Cyanobacteria are a large group of phototrophic microarganisms with
highly variable morphological featmes. For a long time, mainly morphologi-
cal characteristics were taken into account for a taxonomical classification of
cyanobacteria, following the assignments of Rippka et al. (1979). Recent
reports of phenotypic variations without correlation of genetic traits underline
the need for new approaches in cyanobacterial taxonomy (Lu, 1997; for
review see Wilmotte, 1994). Consequently, this work addresses the question
of morphological versus genetic diversity focussing on six unicellular marine
cyanobacteria strains of the arder Chroococcales isolated from shallow
waters of the southem Baltic Sea (Germany). DNA sequence analysis and
RAPD-PCR were performed and the results were correlated with the classical
deterrnination. A highly variable 305 bp 16S rDNA fragment (base position
545-850) was chosen from the complete 16S rDNA fragment of strain Bü 79
for further investigations of all six strains. In addition, RAPD-PCR was used
to reveal DNA sequence polymorphisms of those strains which have shown
similarities in their 16S rDNA sequence. Finally, one 654 bp RAPD-band
common to three of the RAPD-pattems was cloned and used to compare the
strains by Dot-Blot hybridization using this sequence as a probe.
It was the aim of this study to use modem molecular techniques far a better
classification of unicellular marine cyanobacteria which do not differ signifi-
candy in their morphology.
MATERIALS AND METHODS
The unicellular marine cyanobacteria strains examined are part of the cul-
ture collection of the "Abteilung für Marine Mikrobiologie, Universitat
Bremen, Germany" and are listed in Table 1. Taxonomical classification was
Table 1. Examined unicellular marine cyanobacterial strains collected
at Hiddensee (HI) and Boiensdorf station (BO), 165 rDNA bases sequenced
and cornmon RAPD bands (classification was performed by Rethmeier, 1995;
n = no data; nt = nucleotides).
Organisms Strain 16SrDNA cornmon
sequenced RAPDbands
Synechocystis sp. HI 19 305 nt 5
Chroococcus turgidus BO 1 305 nt 0
Synechococcus sp. B045 305 nt n
Synechococcus elongatus B052 305 nt 0
Synechocystis sp. B079 1479 nt 5
Microcystis sp. BO 83 305 nt 5
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done by lightmicroscopy only (Rethmeier 1995) according to the assignments
of Rippka et al. (1979).
After DNA preparation, 16S rDNA-PCR, RAPD-PCR, sequence analysis,
and Dot-Blot hybridization were perforrned. For further details see Schenk
(1996). A 1479 bp 16S rDNA-fragment from strain BO 79 was amplified,
sequenced, and compared ta known cyanobacterial 16S rDNA-sequences
found in the EMBL-database (http//www.ebi.ac.ukl) in order ta choose a
highly variable region to discriminate the examined strains.
Finally, the DNA-sequence of the cloned RAPD-band was determined and
compared to the complete EMBL-database using the BLAST N- and FAST A-
aJgorithms available via the Husar-programm (DKFZ, Heidelberg) in order to
find out a possible function or a related species.
RESULTS AND DISCUSSION
Sequence alignment of the investigated 305 bp 16S rDNA fragment has
shown complete identity within the cyanobacteria strains BO 79, Ba 83 and
HI 19. Strain Ba 45 revealed only one base difference whereas strains BO 1
and BO 52 differed in more base positions (28 and 70 bp respectively). The
genetic distances determined from clustal analysis are shown in Table II.
These results indicate a high genetic sirnilarity of four of the six strains.
RAPD analysis using primers CRA 22 and CRA 23 (Neilan, 1995) confirmed
the homogeneity of strains Ba 79, BO 83, and HI 19 by cornmon RAPD pat-
tern (Fig. 1). In contrast, the RAPD patterns of Ba 1 and Ba 52 revealed no
similarity (Table 1). Unfortunately, no RAPD-pattern of strain Ba 45 could
be obtained.
For further evidence of genetic homogeneity, a 654 bp RAPD band from
Ba 79 (Fig. 1) was cloned and used as a probe in a Dot-Blot experiment with
Table II. Differences in base pairs (under diagonal) and genetic distances
in percent divergence (above diagonal) of a 305 nt 16S rDNA-fragment
from the unicellular marine cyanobacterial strains examined.
Sequence pair divergence were calculated by the program MEGALIGN
(Lasergene, DNASTAR) using the default options of the Clustal V method.
Strain B045 B052 B079 B083 HI 19
BO 1 18.7 9.3 9.3 9.3
B045 0.3 0.3 0.0
B052 58 22.2 21.9
B079 28 0,0
BO 83 28 70
HII9 28 0 69 0
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2 3 4 5 6 bp
<Il 4072
<Il 1636
<Il 1018
<Il 506
<Il---- C
Figure 1. RAPD-pattern of the unicellular marine cyanobacteria examined. Lane 1- 5:
strains Ba l, Bü 52, Ba 79, Bü 83, HI 19. Lane 6: 1-kb-Iadder. (bp = base pairs,
c = cloned RAPD band from strain Ba 79).
genomic DNA from the other cyanobacteria examined. Positive Dot-Blot signais
from the strains Ba 83 and HI 19 confirm the presence of this sequence in
these strains. The sequence analysis data of the probe have revealed the highest
similarity with Synechocystis sp. PCC 6803 (EMBL-database entry AC D9û916).
A possible function is still unknown.
These data show that at least three of the six unicellular cyanobacteria
strains examined form a coherent phylogenetic group. Therefore, we suggest
to combine the strains BO 79, Ba 83, and HI 19 to one Synechocystis species.
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Cyanobacteria comprise one of the major eubacteriallineages. The diver-
sity within this lineage, including both that of morphology (singles ceUs,
branching filaments, akinetes, etc.) and physiology (nitrogen fixation, hetero-
trophy, motility, etc.) has fascinated microbiologists. Cyanobacteria have also
provided model systems for understanding those processes that occur more
broadly than the lineage itself such as photosynthesis, nitrogen fixation, pat-
tern development, and circadian rhythms (Bryant, 1994).
Cyanobacteriologists have been greatly interested in the relationships
between morphology or unique physiological processes and evolution. What
characteristics are related to the evolution of specifie groups within the
cyanobacterial lineage? For example true branching seems to have evolved
once and is characteristic of only one lineage, the Group V cyanobacteria
(Rippka et al., 1979; Giovannoni et al., 1988) although this idea has been
more recently questioned based on its low bootstrap values in 16S rRNA data
(Wilmotte, 1994). In contrast, light harvesting by chlorophyU b (in cyanobac-
teria referred to as prochlorophytes) seems to have arisen multiple times
within the cyanobacteria (Urbach et al., 1992; Palenik & Haselkom, 1992).
These relationships between morphology and physiological characteristics
and the evolution of various groups has been investigated using a number of
phylogenetic tools, sorne based on protein sequences, sorne on 16S rRNA.
Reviews of these approaches can be found in Packer & Glazer (1988);
Wilmotte (1994). We have been pursuing these questions using as another
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tool, DNA sequences of a fragment (rpoCl) of the protein DNA-dependent
RNA polymerase (Palenik & Haselkorn, 1992; Palenik, 1992; Palenik &
Swift, 1996). Cyanobacterial specifie primers allow cyanobacterial rpoCl
sequences to be pcr amplified from DNA obtained from water samples,
cyanobacterial symbiont (tunicate) hosts, and nonaxenic cultures.
Environmental variables such as light, temperature, and nutrients seem to
be influencing cyanobacterial genetic diversity in marine ecosystems, but to
an extent that is still poorly characterized. This influence is feh at different
levels. For example, the presence of nitrogen fixing groups of cyanobacteria
is likely to be related to the concentration of dissolved nitrogen sources or
N:P nutrient ratios (Karl et al., 1997). More subtle are the changes in the pres-
ence of different groups within what we think of as the dominant abundant
lineages. We are just beginning to see that there are "ecotypes" or species within
the genera "Synechococcus" and "Prochlorococcus" and these "ecotypes"
are associated with particular ecological niches.
In the oligotrophic ocean environment covering much of the globe, large
changes in sorne environmental parameters occur with depth. For example in
the oligotrophic regions of the Califomia CUITent (Eppley, 1986), light flux
drops by 3 orders of magnitude from the surface to the bottom of the cyano-
bacterial growth range (0-150 meters), and large shifts in Iight quality occur.
Nutrient gradients are also large with undetectable nitrate through much of
the upper water column up to a few micromolar concentration at depth. Tem-
perature gradients are smaller with the range in the California CUITent from
around 20°C at the surface to about l3°C at the bottom of the euphotic zone.
This picture is then complicated by a seasonal mixing cycle in many environ-
ments including the California CUITent. During the winter, the water column is
mixed through the euphotic zone, while during summer and fall the water
column is generally stratified. During stratification, different parts of the
cyanobacterial population are presumably under very different selection pres-
sures with high light, low nutrients at the surface and lower, blue light and
higher nitrate conditions at depth. We would expect the most genetic differen-
tiation in the cyanobacterial population thus between surface and deep sam-
pIes at this time. However, since seasonal mixing changes these selective
pressures so drastically it is possible that they do not exist long enough for
specifie "high" or "low" light cyanobacterial species or "ecotypes" to have
developed. Sequence data from cyanobacterial DNA-dependent RNA
polymerase (rpoCl) genes obtained from marine isolates and from bulk sea-
water DNA samples can be used to describe and understand cyanobacterial
diversity as a function of depth and geographical region in order to answer
such questions.
Recently, a total of 15 cyanobacterial strains were isolated from the oligo-
trophic edge of the California CUITent from two depths (5 and 95 m) (Toledo
& Palenik, 1997). RNA polymerase (rpoCl) gene sequences of the strains
revealed two major genetic lineages, distinct from other marine or freshwater
cyanobacterial isolates, or groups seen in shotgun c10ned sequences from the
oligotrophic Atlantic Ocean. One group, the California CUITent low phy-
courobilin group represented by 6 isolates in a single lineage (CC9311) was
less diverse than the Califomia CUITent high phycourobilin group with 9 iso-
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lates in three relatively divergent lineages (represented by CC9317, CC9318,
and CC930S-3). The former group was found to be the closest known genetic
group to Prochlorococcus, the chlorophyll b containing marine cyanobacte-
rial group. Both groups included strains obtained from surface (S m) and deep
(9S m) samples, thus there was no clear correlation between sampling depth
and isolation of genetic groups.
Further work on rpoCl gene sequences PCR amplified from DNA samples
from the same region clearly show the presence of the "low phycourobilin
group", but less clearly the other ("high phycourobilin") group in surface sea-
water samples (Ferris & Palenik, manuscript in prep.). There is a cluster of
DNA library strains that appear related to the high PUB group (clones G Il,
12, 23, 40, 96, lOS in Fig. 1), but we are still unclear on what constitutes a
definable clade in these organisms. These results may be because the two
approaches of isolation and environmental library preparation are providing
different information about these groups, with the later likely to be more
related to abundance than the former. Synechococcus clades may have sorne
Cluster B
clones
T5,T9,T13,T14
clones A13&.14
clone A2
ProchlorococcU& MED
(Mediterranean Bea isolate)
Cluster A
clones G
11.12.23.
40.96,105
..
•~
'li
m
m
o
n
...
~
PCC79&2
Figure 1. An rpoCl DNA fragment library from a sample from the oligotrophic
Califomia CUITent (station 77.100, 1996, 3 meters). Aiso included are Califomia
Current isolates (CC), Woods Hole Culture Collection(WH) and other isolates and
Sargasso Sea DNA clones (IAR, IAB, ICNC, 2CNA, lCNH, ICNI). The sequence
data (270 bp) were analyzed using distance matrix (Jukes-Cantor) and the neighbor-
joining methods using the program PHYLIP (Felsenstein, U. Washington). The data
show at least two Prochlorococcus (cluster A and B) and five Synechococcus groups.
Subsequent libraries have shown that the IAB cluster is typically surface associated
while the 1AR group is more typically found deeper in the water column.
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strains that are abundant (clones G Il, 12,23,40,96, lOS, for example) while
other strains are in low abundance in surface waters (CC9317, CC9318,
CC930S-3, for example) but easily amenable to isolation. Altematively at one
site there may be changes in strain abundance within a clade at different times
due to viral selection, grazing, and random drift.
New Syneehoeoeeus clades are also being uncovered in addition to the two
described above. These are represented by CC9616 and CC960S in Fig. 1.
Sequence data from DNA samples also clearly shows the presence of differ-
ent clusters of Proehloroeoeeus distributed in different parts of the water col-
umn. A surface cluster corresponding to the high light Proehloroeoeeus clade
was described physiologically by Partensky et al. (1993) and Moore et al.
(199S) and genetically by Scanlan et al. (1996) and Urbach et al. (1998), and
further in this book. In our data it is seen as a large number of clones that clus-
ter with a Mediterranean isolate (MED strain) that was demonstrated to be a
member of this cluster. We propose referring to this group as Proehloroeoeeus
cluster A, with potential subdivisions of this cluster being referred to as A-l,
A-2, etc. An apparent deep Proehloroeoeeus cluster is also present, and we
propose to refer to these as Proehloroeoeeus cluster B. This terrninology is
consistent with our previous work showing several clusters of Proehloroeoe-
eus in the Sargasso Sea (Palenik, 1994). This Sargasso sample was from 60m
and not surprisingly appears to have contained both high and low (or A and B
cluster) clones at least based on homologies to clusters seen in the Califomia
Current.
Interestingly, there is a hint in our sequence data and that of others cited
above that the low light adapted strains of Proehloroeoeeus branch more
deeply within the Proehloroeoeeus cluster while surface strains appear to
have diverged more recently. Is it possible that Proehloroeoeeus first evolved
to take advantage of the low light region of the euphotic zone, because of its
superior ability to harvest blue light, and subsequently diverged to compete
with Syneehoeoeeus for the high light regimes, because of its ability to make
a light harvesting apparatus using less nitrogen? Such a speculation is still
only weakly supported, and is one of the many questions remaining to be
answered in the study of cyanobacterial ecology and evolution.
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ABSTRACT
Prochlorococcus is the dominant phototroph in the temperate oceans. It is
found throughout the euphotic zone, at light intensities spanning over four
orders of magnitude. This growth range is larger than observed for any single
culture of Prochlorococcus and is likely due to the co-existence of multiple
ecotypes adapted for optimal growth at different light intensities. Here we
report the 16S rDNA sequences of four Prochlorococcus isolates from the
Pacifie Ocean, MIT92Ül, MIT92Ü2. MIT9211 and MIT9215, which have
been physiologically characterized as high or low BIA ecotypes based on
their chI b/a2 ratios and light-dependent growth responses. The three low B/A
isolates are closely related and cluster together with other low B/A isolates in
a previously identified "high-light adapted" clade. The fourth Pacifie isolate,
a high BIA ecotype, is not a member of this clade. Sequences specifie to each
physiologieal type will be useful in probing field populations to determine the
spatial and temporal distribution of the ecotypes of Prochlorococcus.
INTRODUCTION
The marine cyanobacterium Prochlorococcus (Chisholm et al., 1988;
Chisholm et al., 1992) is abundant (often 105 cells ml- I) and widespread in
the tropical and subtropical regions of the open ocean. Prochlorococcus is
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found throughout the euphotic zone and often comprises 40-60% of the total
chlorophyIl in the Pacifie (Chavez et al., 1991; Letelier et al., 1993; Campbell
et al., 1994; Shimada et al., 1995b), the north Atlantic (Goericke & Welsch-
meyer, 1993, Veldhuis et al., 1993), and the Red Sea and Somalia Upwelling
region (Veldhuis & Kraay 1993, Lindell & Post 1995).
We refer to Prochlorococcus as a cyanobacterium, despite its original
description as a "prochlorophyte" (Chisholm et al., 1988) - referring to oxy-
genic photosynthetic prokaryotes that possess chI band lack phycobilins
(Lewin, 1981). Molecular phylogenies constructed using both the 16S ribo-
somal RNA gene (16S rDNA) (Urbach et al., 1992) and the gene for the large
subunit of RNA polymerase (rpoCl) (Palenik & Haselkom 1992) demonstrate
that Prochlorococcus is most closely related to marine Synechococcus, and
phylogenetically distinct from other prochlorophyte lineages. The close rela-
tionship between Prochlorococcus and Synechococcus is also apparent in phy-
logenies constructed using the psbA and psbB genes and portions of the petB
and petD genes (Hess et al., 1995; Urbach et al., 1998), and in the possession
of phycoerythrin genes by sorne strains of Prochlorococcus (Hess et al., 1996;
Ting et al., 1998). Further, Prochlorococcus has a suite of pigments distinctly
different from that of two other previously designated prochlorophytes
Prochloron and Prochlorothrix (Chisholm et al., 1992). It is now clear that the
chI b phenotype has evolved independently at least four times (La Roche et
al., 1996) and that these organisms, along with traditional cyanobacteria,
should probably be reclassified as Oxyphotobacteria (Pinevich et al., 1997).
Although phylogenetic analyses using the gene for the large subunit of
Rubisco (rbcL) place one isolate of Prochlorococcus with the gamma proteo-
bacteria (Shimada et al., 1995a), this likely reftects a horizontal gene transfer
event, and not the true organismal phylogeny (Delwiche & Palmer, 1996). Two
other Prochlorococcus isolates possess rbcL sequences which branch within the
cyanobacterial clade (Pichard et al., 1997) and one strain of Synechococcus has
a proteobacterial-like rbcL sequence as weIl (Watson & Tabita, 1996).
RESULTS
Using flow cytometry to study picoplankton in the field, we and others
have observed distinct co-occurring populations of Prochlorococcus, based
on their different mean chlorophyll fluorescence intensities (Campbell &
Vaulot, 1993; Veldhuis & Kraay, 1993; McManus & Dawson, 1994; Parten-
sky et al., 1996). Although these populations could have been derived from
the mixing together of genetically identical Prochlorococcus cells acclimated
to different past light and/or nutrient regimes, several lines of evidence sug-
gested they were physiologically and genetically distinct populations. The
latter interpretation was supported by physiological experiments defining two
different types of Prochlorococcus (Partensky et al., 1993; Moore et al., 1995).
A comparative study oftwo isolates, the type strain SS120 (CCMP1375) and
MED4 (CCMP1378), demonstrated that saturating growth irradiances are
significantly lower for SS 120 than for MED4: SS120 is photoinhibited above
140 ilE m-2 S~l, and ratios of chlorophyll b to divinyl chlorophyll a (chI a2
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(Goericke & Repeta, 1993)) are almost an order of magnitude higher in
SS 120 over aIl irradiances measured (Moore et al., 1995). Consistent with
these data, biochemical characterization of the two strains indicates that the
pigment complexes of SS 120 are bigger and more abundant at low light, and
bind seven times more chi b than those of MED4 (Partensky et al., 1997).
The coexistence of physiologically and genetically distinct types of
Prochlorococcus was definitively shown recently when we flow-cytometri-
cally sorted and cultured the high and low fluorescence cells from coexisting
Prochlorococcus populations in two locations of the North Atlantic Ocean
(Moore et al., 1998). At low irradiances the high fluorescence isolates,
MIT9303 and MIT9313, have relatively high growth rates and a high chi blaz
ratio, similar to SS 120, whereas the low fluorescence isolates, MIT9302 and
MIT9312, have a lower growth rate and a low chi blaz ratio, similar to MED4
(Moore et al., 1998).
The physiology of these six isolates and four isolates from the Pacifie
Ocean (MIT920 1, MIT9202, MIT9211, MIT9215) suggests the genus Prochlo-
rococcus can be divided into at least two ecotypes based on pigment content
and light-dependent physiological response (Moore & Chisholm, 1999). Pig-
ment content has also been used to distinguish isolates of Synechococcus (e.g.
high and low PUB types; see Waterbury et al., 1986). The distinction between
the two groups of Prochlorococcus is best defined using their chi blaz ratios
(Fig. 1) since at any particular irradiance there is no overlap in this parameter.
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Figure 1. Chlorophyll blaz ratio of different Prochlorococcus isolates grown over a
range of light intensities (for isolation information see Moore & Chisholm, 1999). The
isolates can be grouped loosely into two clusters, those with low chi blaz ratios (low
BIA ecotype) and those with high blaz ratios (high BIA ecotype). The high BIA ecotype
appears to have two sub-groups within it. Data from Moore & Chisholm, 1999.
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One group of Prochlorococcus isolates, the low B/A ecotype (Moore &
Chisholm, 1999), cluster with chi bla2 ratios below 0.7 while the other four
isolates, the high BIA ecotype, have higher chI bla2 ratios, but exhibit more
variability between them (Fig. 1). High B/A isolates are also characterized by
their higher chiorophyll arspecific light harvesting efficiencies and spec-
trally-weighted average absorption coefficients. High B/A isolates also show
decreases in growth rate due to high light exposure at light levels where the
low B/A isolates grow maximaIly. Further, a secondary division can be made
within the high B/A isolates: when grown under high light MIT9303 and
MIT9313 have higher cell-specific light harvesting efficiencies and maximum
photosynthetic rates than SS120 and MIT92 11 (Moore & Chisholm, 1999).
Genetic analysis of Prochlorococcus isolates indicates that there is a corre-
lation between photophysiology and phylogeny. Characterization of ten iso-
lates by RFLP mapping (using probes to photosynthetic genes) groups them
into two clusters, one containing the high B/A isolate SS 120 and the other con-
taining the low B/A isolate MED4 (Scanlan et al., 1996). Analysis of 16S
rDNA sequences from these isolates (Urbach et al., 1998) reveals a weIl sup-
ported group, deemed the "high-light adapted clade" because it includes the
low BIA MED4 and two Pacifie isolates, SB and GP2, which have low chI b/a2
ratios (Shimada et al., 1996). Support for this clade is further strengthened by
analyses demonstrating that the low BIA isolates MIT9302 and MIT9312
(each from a coexisting pair of isolates) are also members of this clade (Moore
et al., 1998).
The 16S rDNA sequences of four Prochlorococcus isolates from the
Pacifie Ocean further support the correlation of photophysiology with phyl-
ogeny. On the basis of their photophysiology three of these isolates
(MIT920 l, MIT9202 and MIT9215) belong to the low BIA ecotype, while
the fourth (MIT92 11) is characterized as high BIA (Moore & Chisholm
1999). The three low BIA isolates are more than 99% similar to each other in
their 16S rDNA sequence and cluster within the "high-light adapted clade"
(Fig. 2). One isolate, M1T9202, has a sequence identical to those oftwo other
isolates, TATL2, from the Tropical Atlantic, and SB from the West Pacifie,
corroborating previous results demonstrating that Prochlorococcus from dif-
ferent oceanic regimes can be genetically similar (Urbach et al., 1998).
Although aIl of the isolates which cluster in the low BIA clade are closely
related (at least 98.8% similar to one another), there is a weIl supported sub-
division within this clade. One of these subgroups contains MED4, which has
the lowest chI b/a2 ratio of aIl the isolates we have characterized (Fig. 1),
although no further physiological distinction between the two subgroups is
apparent.
Congruent with the larger degree of physiological variability among iso-
lates of the high BIA ecotype, they also exhibit greater genetic variability
than the low B/A isolates. The 16S rDNA sequence similarities of MIT921 1
with SS120, MIT9313 and M1T9303 are 98.6%, 98.2% and 97.8% respec-
tively. These similarities are lower than those between the low B/A isolates,
and are only slightly greater than the similarities between MIT921 1 and Syn-
echococcus WH81 03 (97.4%). The high BIA isolates MIT9303 and MIT9313
share even higher sequence similarities to Synechococcus (Moore et al.,
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Figure 2. Phylogenetic relationships of Prochlorococcus and Synechococcus isolates
and environmental sequences (SAR) from the Sargasso Sea (Giovannoni et al., 1990)
inferred from l6S rRNA gene sequences. Sequences of Pacifie isolates MIT9201,
MIT9202, MlT9211 and MlT92l5 (in bold) were deterrnined using previously
described methods (Moore et al., 1998). Ali analyses (tree construction and similarity
values cited in text) employed 1070 unambiguously deterrnined and aligned bases of
the l6S rDNA. The phylogenetic framework was inferred by a distance analysis, using
minimum evolution as the objective function. Bootstrap values from distance and
parsimony analyses (above and below the branches, respectively) are presented out of
100 resampled datasets; values below 50 are not shown. The freshwater cyanobacte-
rium Synechococcus PCC6301 was used to root the tree.
1998). The high BIA isolates do not cluster together in a single clade but are
on separate, basal branches of the tree (Fig. 2), consistent with the possible
subdivisions within this ecotype suggested by their photophysiology.
CONCLUSION
Future directions include further consideration of the taxonomie status of
the ecotypes we have described. It is possible that the high and low BIA eco-
types represent different species of Prochlorococcus. However, a definitive
determination will require either sequence data from a more variable locus to
provide more resolution between the high BIA isolates and marine Synecho-
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coccus, or axenic cultures of each ecotype in order to perform other taxo-
nomie analyses such as DNA-DNA hybridizations and determinations of
% GC content and fatty acid composition (Wayne et al., 1987; Priest & Aus-
tin, 1993; Stackebrandt & Goebel, 1994; Tamaoka, 1994). At present we
adopt the convention used for marine Synechococcus (Waterbury et al., 1986)
and designate our isolates simply as strains of the genus Prochlorococcus.
Although we have definitively described two ecotypes, we consider this a
minimum number. As described above, there are undoubtedly subdivisions
within both the high and low B/A ecotypes. Future investigations willlikely
reveal additional ecotypes not currently represented in culture and/or further
ecotypic differentiation based on susceptibility to cyanophages, nutrient utili-
zation efficiencies, or trace metal toxicity (Mann et al., 1997).
A second direction we are actively pursuing is deterrnining the distribu-
tions of the two ecotypes in the field. It has been suggested that low-light
adapted, high chI b/az Prochlorocoeeus predominate in the deeper portion of
the euphotic zone and that high-light adapted, low chI b/az Prochlorocoeeus
predominate in surface waters (Campbell & Vaulot, 1993; Goericke & Repeta,
1993; Moore et al., 1995). Analyses of natural populations, by examining
sequences from environmental clone libraries (Ferris & Palenik 1998) and
using molecular probes designed to take advantage of the correlation of phys-
iology with phylogeny (N. West & D. Scanlan, pers. comm.), are consistent
with this hypothesized distribution. Repeated observations of multiple phylo-
types in single water samples (Palenik, 1994; Ferris & Palenik, 1998; Urbach
& Chisholm, 1998) indicate that further work is needed to determine how the
ecotypes are distributed under different environmental conditions. It is clear
that the distribution of multiple Prochlorococcus ecotypes in the same water
column would result in greater integrated production than could be achieved
by a single ecotype (Moore et al., 1998). The existence of multiple ecotypes
allows for survival over a broader range of conditions than could be achieved
by a physiologically and genetically homogenous population and undoubt-
edly contributes to the dominance of Prochlorococcus in the world's oceans.
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INTRODUCTION
Synechocystis trididemni is a unicellular symbiont in certain didemnid
ascidians (Lafargue & Duclaux, 1979). Although the cells contain a phycobilin
and appear pink, they structurally resemble Prochloron didemni (a symbiont
of other didemnids) which have chlorophylls a and b but no phycobilin pig-
ment (Lewin, 1975, 1977). The cytological similarities suggest that Prochlo-
ron may have evolved from an ancestral Synechocystis-like alga. However,
there are no data available to compare them phylogenetically. We therefore
examined this phylogenetic possibility by comparing molecular biological
data.
MATERIALS AND METHODS
We isolated genomic DNA from an ethanol-preserved sample of S. tridi-
demni collected at Curacao (Netherlands Antilles), and amplified gene frag-
ments of the 16S ribosomal RNA (rRNA) and ribulose-l,5-bisphosphate
carboxylase/oxygenase (Rubisco) large subunit (rbcL) by using known prim-
ers (Urbach et al., 1992; Shimada et al., 1995). The gene sequences were
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Figure 1. 16S rRNA tree of cyanobacteria, constructed by the Neighbor-joining
method (adopting Kimura's 2-parameter distance) with confidence values for each
node, determined by bootstrap ana1ysis with 1000 replications.
aligned with CLUSTAL W 1.6, and. molecular phylogenetic trees were
obtained with PHYLIP 3.57c and MOLPHY 2.3b3.
RESULTS AND DISCUSSION
The data indicate close similarities between Prochloron and S. trididemni,
based on both rRNA (93.3% identity) and Rubisco (gene, 90.1 % identity;
amino-acids, 99.5% identity) sequences. The 16S rRNA tree indicates that
S. trididemni is more closely related to Prochloron than to a non-symbiotic
Synechocystis strain PCC6308 (bootstrap value at the node of Prochloron and
S. trididemni was 97.7% in the Neighbor-joining method adopting Kimura's
2-parameter distances) (Fig. 1). The Rubisco data likewise indicate a close
relationship between Prochloron and S. trididemni (Fig. 2), which agrees
with the result obtained by the most likelihood method based on synonymous
sites (bootstrap value at the node of the two was 100%) (data not shown).
These data thus support the hypothesis that Prochloron arose from a cyano-
phyte ancestor like S. trididemni, which somehow acquired the ability to
synthesize chlorophyll b as weil as chlorophyll G, and which (perhaps sub-
sequently) lost the synthesis for phycoerythrin.
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Figure 2. Molecular phylogenetic tree of purple bacteria, algae and land plants inferred
from rbcL amino-acid sequences, constructed by the Neighbor-joining method (adopting
Kimura's 2-parameter distance) with confidence values for each node, deterrnined by boot-
strap analysis with 1000 replications.
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Prokaryotic microorganisms have dominated marine environments during
early geologic history (Schopf & Klein, 1992), Ieaving Iaminated stroma-
tolitic structures as the most common fossii evidence of ancient microbiai
activities. Stromatolites are interpreted as biosedimentary structures formed
at the sediment-water interface through interactions between microorganisms
and sediments, involving trapping and binding of sediment particles and/or
mineraI precipitation (Awramik & Margulis, cited in Walter, 1976). Deposi-
tion of mineraIs in stromatolitic structures (Lowenstam, 1986) promotes their
preservation in the fossii record (Pentecost, 1991). The importance of micro-
bial sediment trapping vs. mineraI precipitation is still a subject of contro-
versy. Rhythmic precipitates were found to form stromatolitic structures
particularly prevalent in the Archaean and early Proterozoic marine deposits
(Grotzinger & Read, 1983). The study of fossii stromatolites is generally
constrained by diagenetic alterations and paucity of preserved microbiai
remains. The nature of the organo-sedimentary interactions and of the genesis
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of stromatolitic structures rel y, therefore, on studies of their putative modern
cou nterparts.
Filamentous and coccoid cyanobacteria are the principal primary produc-
ers of microbial communities involved in stromatolite formation (van Gemer-
den, 1993). Prior to evolution of eukaryotic algae and plants, cyanobacterial
have dominated the primary productivity of the oceans. Today, their domi-
nance remains unchallenged under certain extreme environmental conditions.
For example, most modern stromatolites and microbial mats develop in inter-
tidal and shallow marine settings characterized by fJuctuating water supply
and salinity. Under normal marine conditions, cyanobacteria form short-lived
pioneer communities leading to stabilization of loose sediments (Yallop et
al., 1994; Golubic & Browne, 1996). They become replaced by eukaryote-
dominated marine benthic communities and tend to recur only under condi-
tions of environ mental stress (Golubic, 1994).
Soft, do me and biscuit-shaped, internally finely laminated stromatolitic
structures, which incorporate substantial quantities of fine grain (micritic)
carbonate, were discovered in the lagoon of the Tikehau atoll (Tuamotu
Archipelago, French Polynesia) at depths of 15-23 m (Charpy-Roubaud et
al., 1993) (Fig. 1). These modern stromatolites coyer large areas throughout
the lagoon fJoor, and are especially numerous around patch reefs. These stro-
matolitic structures are built by fi lamentous, sheathed, nonheterocystous
cyanobacteria recognized as two new species of Phormidium (Fig. 2).
Both foon gelatinous generally domes up to 15 cm in diameter. The lami-
nated interior of these stromatolites principally contains empty sheaths covered
by fine grains of carbonate. Live cyanobacterial trichomes are concentrated on
the surface of the structures. The sheaths of both cyanobacteria are thin and
firm, containing one trichome per sheath. Their stromatolitic structures often
Figure 1. Stromatolitic dame From Tikehau atoll.
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Figure 2. Graphie display of morphometrics data for Phormidium sp. 1 and P. sp. 2.
Cell length (CL) vs. cell width (CW) measurements are plotted and summarized
as means ± standard deviation (crosses).
co-occur. They are similar in shape, consistency and size and differ macro-
scopically only in color. Microscopically, the size difference between the two
organisms is significant and conspicuous.
The larger cyanobacterium, Phormidium sp.l, forms brown stromatolitic
structures. Cells are on the average longer than wide 5.0 - 6.9 !lm (Mean
± standard deviation == 5.74 ± 0.47 !lm, N == 100) wide, and 5.2-11.8!lm (8.54
± 1.64 !lm, N == 100) long. The much smaller Phormidium sp.2 forms mauve
gelatinous domes. Cells are narrow, mostly around one micrometer (0.99 ±
0.16 !lm, N == 100) wide and much longer than wide, 2.8-7.2 !lm (4.95 ± 1.06
!lm, N == 100) long.
Most specimens were soft when collected, a few older ones showed hard-
ening by calcification. Percentage of CaC03 in soft specimens varied
between 71 % and 84% of dry weight. The amount of carbonate particles
entrapped in the course of the growth of the structure could not been estab-
lished. However, the carbonate precipitation continues inside the structures in
absence of metabolically active cyanobacterial celIs, leading to lithification of
stromatolites, which promotes their preservation following bunal in the sediment.
The relationship between total carbon (including carbonate) to organic
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carbon in soft stromatolites varied from 12:3 to 12:1, and was comparable
with the values obtained for the surrounding sediments. In contrast, the concen-
tration of nitrogen and phosphorus in the structures were higher then in the
surrounding sediments by a factor of la and 2 respectively.
Built and dominated by cyanobacteria, these stromatolitic structures create
a special benthic microenvironment which harbors and maintains diverse
microorganisms. Accordingly, measurements of activities in the structures
and organic products are not necessarily attributable to cyanobacteria alone.
Dinitrogen fixation was measured by acetylene reduction for entire stroma-
tolitic structures. It occurs both at night and during the day, with daylight
rates showing significantly higher values, up to 406 Mol N2 d- l (Charpy-
Roubaud, unpublished). The sites of nitrogen fixation could not be localized,
but the timing correlates with photosynthetic activity. Pigments were extracted
from the stromatolitic structures and analyzed using HPLC..The principal
components are chlorophyll a, (with lesser quantities of chlorophylls band c)
and ~-carotene. The ratio of chlorophylls to total carotenoids varies between
1.3 and 8.4. The samples contain significant concentration of xanthophylls
specific to cyanobacteria: oscillaxanthin and myxoxanthophyll. Chlorophylls b
and c, together with xanthophylls peridinin, fucoxanthin and diadinoxanthin
are derived from algal cells that settled on, or were trapped within the structure.
DISCUSSION
Massive occurrences of cyanobacteria in marine environments usually are
associated with eutrophication. This general observation has been supported
by observation of increased growth of cyanobacteria in Pacific coral reefs
under human influence: discovery of stromatolite-forming cyanobacteria in
the lagoon of the Tikehau atoll which is in pristine condition reflects the rela-
tively higher nutrient availability in the lagoon as compared with that in the
reef environment surrounding the island (Charpy et al., 1990). Our study
provides baseline information for evaluation of other, environmentally more
threatened islands and atolls in the region. The correlation of dinitrogen
fixation with photosynthetic activity in stromatolitic structures indicates that
these non-heterocystous cyanobacteria contribute to the nutrient budget
(cf. Gallon & Stal, 1992). An increased nutrient flux may result in an increase in
growth and density of stromatolite forming cyanobacteria, or in an expansion
and invasion of these life forms into the reef environments.
In a core drilled through a coral reef in Tahiti, French Polynesia, Camoin
and Montagioni (1994) identified an early Holocene horizon containing fre-
quent micritic stromatolitic structures attributable to cyanobacteria, and char-
acterized by weakly laminated micritic carbonate textures. They have
concluded that the increased stromatolite presence was concurrent with a
higher sedimentary and nutrient flux during a period of increased island ero-
sion. Although no organismal remains were found preserved in these fossils,
the size, internaI laminated fabric and mineraI components are closely com-
parable with those of the Phormidium stromatolites described here.
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In conclusion, these independent discoveries indicate that marine benthic
cyanobacteria may play a more prominent raIe in coral reef genesis than pre-
viously assumed, and that temporal changes in the degree of participation of
stromatolite-building cyanobacteria in reef construction may have environ-
mental implications. This work was carried out in the frame work of the
PNRCO.
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ABSTRACT
The shores of One Tree Island (OTI), Australia, are composed of coarse
coral sediments and shel1 fragments. A vertical zonation of different colored
carbonaters can be observed: the subtidal, the intertidal, the consolidated reef
crest (also intertidal), the supratidal and the island zone. The composition of
the microcommunity is responsible for the tinge of the carbonate rubble.
Rock penetrating cyanobacteria dominate these specialized biocoenoses and
each zone is constituted by different species. Studies by Gektidis (l997a) and
Radtke et al. (1997) from Atlantic coastal regions show a surprising similarity
in species composition.
MATERIAL AND METHODS
Zonation (Plate l, Fig. 1)
The upper subtidal zone (l), permanently submerged, is characterized by a
pink to red-brown coloration. The intertidal zone (II) which fal1s dry during low
tides displays a yel1ow-brown to black hue and the zone of consolidated reef
crest carbonates in the upper intertidal (lIa) shows a similar coloration. The
supratidal or spray zone (III) consists of yel10w to white coral and shel1 rubble.
The island zone (IV), which is purely terrestrial, is built of grey to white rubble.
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Plate 1:
Fig. 1. Zonation of OTI coastal area. Zone 1 is covered by water. Zone II brown hue.
Zone III yellow white hue. Zone IV grey hue.
Fig. 2. Zone lIa, consolidated reef crest.
Fig. 3. Edge of brake of a consoJidated piece of coral carbonate. The green band
(alTow) consists of Osireobium quekellii, the orange band of PleclOnema lerebrans.
Fig. 4. Kyrlhulrix dalmalica. Scale bar equals 30 ~m.
Fig. 5. Herpyzonerna inlermedia. Scale bar equals 30 j..lm.
Fig. 6. Scylonema endolithicurn. Scale bar equals 30 j..lm.
See color plates at the end of the volume.
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Sampling and processing
From each area, samples (6-8 replicates) of coral rubble and shell frag-
ments were taken.
The samples were fixed in 3% Formaldehyde with seawater. Epilithic
algae were carefully removed from the surface. PERENYI-solution (30 ml
0.5% chromic acid; 40 ml 10% nitric acid; 30 ml 90% ethanol) was used to
dissolve the carbonate and extract the microendoliths for taxonomic identifi-
cation under a dissecting microscope. Additionally, boring galleries in shells
of each zone became apparent by using a cast embedding technique. The
three dimensional resin-casts of the boring traces were investigated under the
SEM and compared to the endolithic algae.
ResuUs
Zone 1 is inhabited by the endolithic cyanobacteria Mastigocoleus tes-
tarum (Plate Il, Figs 7, 8) and Plectonema terebrans. The genus Solentia is
represented by one species (Plate Il, Fig. 1), the genus Hyella by at least 3
species (Plate Il, Fig. 2). Associating endolithic species are the chlorophytes
Phaeophila dendroides and/or Eugomontia sacculata.
Zone Il is colonized by Mastigocoleus testarum, Plectonema terebrans,
Hormathonema violaceo-nigrum and Hormathonema luteo-brunneum (both
Plate 2, Figs 3, 4), one species of the genus Solentia (same as zone 1) and one
species of the genus Entophysalis, probably Entophysalis deusta (Plate Il, Fig. 4,
arrow). No chlorophytes were found to bore into carbonates from zone II.
Zone lia is mainly inhabited by Hyella balani, Plectonema terebrans,
Herpyzonema intermedia (Plate l, Fig. 5), Kyrthutrix dalmatica (Plate l, Fig. 4),
Hormathonema violaceo-nigrum and Hormathonema luteo-brunneum, one
species of the genus Solentia (different from zones 1 and Il), Mastigocoleus
testarum and Scytonema endolithicum (Plate l, Fig. 6). In the deeper parts of
the consolidated reef crest-carbonates, the green alga Ostreobium quekettii
forms green bands (Plate l, Fig. 3, arrow).
Samples from Zone III contain only a few inhabitants: Four species of the
genus Hyella, Mastigocoleus testarum and Hormathonema violaceo-nigrum
are regularly found.
No marine euendolithic algae were found to colonize the island (zone IV).
The epilithic cyanobacterium Calothrix (Plate Il, Figs 5, 6) was found to
be equally distributed over all zones. It is the dominant epilith frequently
found next to small filamentous algae and the coraBine red alga Hydrolithon
in the upper subtidal and chroococcal cyanobacteria in the higher situated
zones. A taxonomical identification of the epiliths other than Calothrix and
Hydrolithon was not attempted.
DISCUSSION
Cribb (1973) investigated the algal vegetation of the Great Barrier Reef.
For Low Isles Reef he defined 4 zones of algal inhabitance. First the Ento-
physalis deusta-band for the intertidal, followed by the subtidal zones. The
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Plate II:
Fig. 1. Genus So/entia. Seale bar equals 50 /lm. - Fig. 2. Genlis Hye//a. Seale bar
equaJs 50 /lm. - Fig. 3. Genus Hormathonel11a. Seale bar equals la /lm. - Fig. 4.
Genera Hormathonema and Entophysalis (arrow). Seale bar equals 50 /lm. -
Fig. 5. Genus Ca/othrix. Seale bar eqllals 50 !lm. - Fig. 6. Calothrix crustacea.
Arrow poinls al lerminal heleroeyst. Seale bar equals 50 !lm. - Fig. 7. Mastigo-
co/eus testarum. Seale bar equals la /lm. - Fig. 8. Mastigoco/eus testarum. Arrow
points al inlercalar heterocyst. Seale bar equals 50 /lm.
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Lithothamnion-band, the fieshy algal-band and the Seaward platform. Proba-
bly because Cribb followed suggestions for the revision of the cyanobacteria,
published by Drouet & Daily (1956) his description of the intertidal micro-
community did not go into further detail. In their system valid genera with
microendolithic species like Hyel!a, Honnathonema or Solentia were grouped
together in the single genus Entophysalis. At present the taxonomical inde-
pendence of most of the genera and species, united by Drouet & Daily (1956),
has been proven by many authors, using morphological methods as weIl as
RNA or DNA sequencing.
The only other microendoliths, mentioned by Cribb (1973) are Ostreobium
reineckii Bornet and the rock penetrating root of Acctabularia moebii. Today
Ostreobium reineckii is considered synonymous with Ostreobium quekettii
Bornet & Flahault (Lukas 1973), which was found to form green bands in the
consolidated reef carbonates from zone lIa (Plate 1, Fig. 3).
Radtke et al. (1997) published on microendolithic zonation of intertidal
areas in atlantic and pacifie coastal regions. Tab. 1 compares their findings in
atlantic notch carbonates to the results of this study. Although the zones are
not entirely corresponding, the algal distribution is very weIl comparable. The
transition in species composition from the subtidal zone to the supratidal
spray zone is as pronounced in the Atlantic as in samples from on. The
green algae occur only in the lower submerged zones while the spray zone is
Table 1. Distribution of microendolithic species in atlantic (Lee Stocking Island,
Bahamas) and pacifie (One Tree Island, Australia) coastal regions.
Zones: AtianticlPacific 1 2 3 4 1 Il lIa III IV
Entophysalis x
Herpyzonema intermedia x x x
Hyella sp. x x x x x
Hyella balani x
Hormathonema violaceo-nigrum x x x x x
Hormatlzonema luteo-brunneum x x x x
Kyrthutrix dalmatica x
Mastigocoleus testarum x x x x x x x
Plectonema terebrans x x x x X
Scytonema endolithicum x x x
Solentia sp. x x x x x x
Plzaeophila/Eugomontia x
Ostreobium queketlii x x x
Conchocelis stages x x x
In arabic numbers zones defined by RADTIŒ et al., 1997. In roman numbers
zones of this study. Dominant species are presented in bold borders.
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dominated by specialized cyanobacteria, namely of the genera Hormatho-
nema, Scytonema and Hyella. The absence of Mastigocoleus testarum in the
atlantic supratidal zone corresponds to the general finding, that this micro-
endolithic species is less abundant in the Atlantic (Gektidis, 1997a; Vogel
et al., 1996). No explanation can be given for the totallack ofboring red alga
in the on carbonates.
The gradient of humidity cao be viewed as the main control factor for the
species composition in the intertidal (see also Schneider, 1976). The zones
directly refiect the different ability of the microendolithic species to manage
with the declining frequency of moistening towards the island zone. The dif-
ferent capability of the microorganisms to produce shielding pigments
against the very high irradiance levels constitutes another control factor. In
the end this leads to the different colored zones observed on One Tree Island's
shores.
Numerous authors have described the high preservation potential of micro-
borings and their morphological constancy (i.e. Vogel et al., 1995). The
occurrence of specific microendoliths and their constitution of distinct zones
in coastal areas is therefore a potential tool for the reconstruction of ancient
shorelines. Radtke et al. (1997) mention the possible use of microborings for
the determination of ancient sea levels. Bromley & Asgaard (1993) conclude
from the analysis of Pliocene ichnofacies from Rhodes, Greece, that tiring of
bioerosion traces in carbonate substrates can serve as an indicator of ancient
sea level changes, i.e. rapid transgression. However precondition for the pre-
servation of the different tiers is a rapid burial of the ichnofacies. In my opin-
ion the preservation potential of such changes in general rate very low. The
succeding microendolithic community after a sea level change will erase the
traces of the older with the combined force of microerosion and grazing (see
Schneider & Torunski, 1983 and Gektidis, 1997b for the impact of grazing).
Only the highest sea level will remain recognizable by the originally pre-
served microborings since no successors will erase them or coyer them under
a new tier of microborings. The picture presented by Bromley & Asgaard
(1993) will remain an exception, representing rapid burial and sedimentation
conditions at the time of the changing sea level.
Mastigocoleus testarum was found to be the dominant endolith in ail
zones. This alga is a heterocystous cyanobacterium (Plate II, Fig. 8) and
therefore a potential nitrogen fixing organism. Larkum et al. (1988) investi-
gated nitrogen fixation on One Tree Island and found low rates of fixation on
the reef crest and the beach rock. The highest rates were measured on the
reef fiat and attributed to Scytonema hofmannii and Calothrix crustacea,
both epilithic cyanobacteria. Therefore it can be concluded that either Mas-
tigocoleus testarum plays a minor role in nitrogen fixation or has just
recently started to dominate the intertidal carbonate zone of on. Larkum et
al. (1988) do not mention this species. Cribb (1973) has positive proof of
Mastigocoleus but he did not conduct his research on OTI. A separate study
on the potency of nitrogen fixation of Mastigocoleus testarum would help to
answer this question.
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ABSTRACT
The fossil microborings Fasciculus acinosus, Fasciculus dactylus, Eury-
gonum nodosum, and Scolecia filosa are taxa of traces, called ichnotaxa.
Their morphology indicates that they are produced by once-living euendo-
lithic cyanobacteria/cyanophyta from marine environments. Hyella spp.,
Solentia sp. (both Pleurocapsales), Mastigocoleus testarum (Stigonematales),
and Plectonema terebrans (Nostocales) are their modem counterparts. The
four ichnotaxa occur in Paleozoic (230 Ma to 570 Ma ago), Mesozoic (65 Ma
to 230 Ma ago), and Cenozoic (65 Ma to Recent) strata. They differ in strati-
graphie distribution within these eras.
The bathymetric distribution patterns of Fasciculus acinosus, Fasciculus
dactylus, and Scoleciafilosa concur with those of their modem counterparts,
whereas for Eurygonum nodosum differences are observed. The four ichno-
taxa are of great importance to the reconstruction of paleo-depths.
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INTRODUCTION
In marine environments, endolithic microorganisms are omnipresent in
various calcareous substrates. The resulting borings are defined as micro-
borings by tube diameters ranging in size from less than 1 Ilm to over 100 Ilm.
They are frequently found in both, modem and ancient ecosystems. For an
overview of relevant publications see Radtke et al. (1997).
Taxonomie and ecologic work on modem marine endoliths has greatly
inftuenced geologicaVpaleontological research, and it provides data for modem-
fossil comparisons. Among other results, cyanobacterialcyanophyta, chloro-
phyta, rhodophyta, and fungi were identified to be the major producers of
modem microborings.
Usually the extemal features of the euendolithic soft body are copied by the
morphology of the boring system. A special artifical cast technique (Golubic
et al., 1970), suitable for modem and fossil microborings, allows a three-
dimensional view and permits morphologie comparisons. Modem-fossil
comparisons often aid in matching the possible producer of a fossil micro-
boring, and contribute to depth reconstructions in ancient environments.
Information about the paleo-depth of sedimentary basins assist in recon-
structing regional geological history as well as in detecting minable deposits,
since the development of sorne of them is linked to distinct water depths.
A research project, established in 1984 at the Frankfurt University, headed
by K. Vogel, is addressing several questions, among others, frequency, variety,
and paleoecoloy of fossil, marine microendolithic borings. Different periods
of earth history are or have been under investigation.
This publication concentrates on four important trace fossils (ichnotaxa),
similar to modem cyanobacterialcyanophyta. New data conceming their
stratigraphie distribution are presented, and matches with modem boring sys-
tems identified by recent research are reported. In addition, comments on the
bathymetric range of the ichnotaxa relative to their modem counterparts are
given.
MATERIAL AND METHODS
The present evaluation is based on samples from Paleozoic (230 Ma to
570 Ma ago), Mesozoic (65 Ma to 230 Ma ago), and Cenozoic (65 Ma to
Recent) strata. The following periods are or have been under investigation:
Silurian (Bundschuh etai., 1989; Glaub & Bundschuh, 1997), Carboniferous
(Vogel, 1991), Permian (e.g. Balog, 1996), Triassic (e.g. Schmidt, 1992;
Balog, 1996), Jurassic (e.g. Glaub, 1994), Cretaceous (e.g. Glaub, 1994; Hof-
mann, 1996), Tertiary (e.g. Radtke 1991), and Quartemary (present) (e.g. Radtke,
1993, Vogel et al., 1996; Gektidis, 1997).
For each ancient period about 400 to 500 hard substrates (mainly brachio-
podes, bivalves, corals, sponges, and belemnites) are examined, using the cast
embedding technique (outlined in Golubic et al., 1970) and the SEM. The
description and classification are based on morphologieal criteria. Taxa are
treated as ichnotaxa. For further discussion of the terminology used refer to
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e.g. Radtke (1991), Tavernier et al. (1992),Vogel et al. (1995). Classification
resulted in 28 to 37 ichnotaxa for each period.
Morphological similarities of ichnotaxa to borings of modern endoliths
allow the comparison of fossil microboring communities with modem endo-
lithic assemblages. The resulting bathymetric classifications are verified by
conventional paleo-depth reconstructions (Glaub, 1994; Vogel et al., 1995;
Glaub & Bundschuh, 1997; Glaub, in press).
A scheme of ichnocoenoses was developed, characterizing distinct index
ichnocoenoses for the shallow euphotic zone II and III, the deep euphotic
zone and the aphotic zone. They are named according to the two or three most
important ichnotaxa, caIJed key ichnotaxa (Glaub, 1994; Vogel et al., 1995).
RESULTS
In the following sections short descriptions of the ichnotaxa are given, and
their record in earth history is indicated (Fig. 1). Comparison to modem endo-
liths is shown with respect to morphological similarities and ecological needs.
.0<::- '"
Ichnotaxa
Eras .~ ~ Periods~0 Fascicufus Fascicu/us Eurygonum Scofecia,,~
0 acinosus dac/y/us nodosum fi/osa
ü Quaternary0 2N
0
C
Q) Tertiaryu 65
ü Cretaceous0 135
N
0
(j) JurassicQ) 190~
230 Triassic
280 Permian
350 Carboniferous ?
?
ü
'0 DevonianN 4050Q)
<ii
[L Silurian435
500 Ordovician
570 Cambrian
Precambrian
Figure 1. Known stratigraphie record of four mieroendolithie iehnotaxa similar
to modem eyanobaeteria/eyanophyta.
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Fasciculus acinosus GLAUB 1994 - Fig. 2/1
DESCRIPTION. Based on studies of Jurassic/Lower Cretaceous samples
(Glaub, 1994), Fasciculus acinosus is characterized by several cavities,
arranged close to each other like a bunch of grapes. The distal swelling is
large and elongated compared to the other swellings. Individual proximal
swellings are 4 to 8 !lm in diameter, whereas the distal swelling measures 7 to
12 /lm in diameter and 7 to 14 /lm in length.
RECORD IN EARTH HISTORY. Permian, Triassic, and Jurassic. In recent envi-
ronments, Fasciculus acinosus borings are known from Hyella balani.
MODERN-FOSSIL COMPARISON. Fasciculus acinosus differs significantly from
ail other borings by its densely packed boring system, that closely resembles
Hyella balani (Pleurocapsales). There are some similarities with Hyella con-
ferta, but it differs in measurements and morphology of the distal swelling.
(PALEO-)BATHYMETRY. Fasciculus acinosus is one of the key ichnotaxa of
the Fasciculus acinosus/Fasciculus dactylus- Ichnocoenosis (Glaub, 1994). This
ichnocoenosis is typical for the shallow euphotic zone II which is equivalent
to the intertidal zone. Fasciculus acinosus is restricted to this zone. Similar to
Hyella balani it is mainly linked to tidal habitats.
Fasciculus dactylus Radtke 1991 - Fig. 2/2
DESCRIPTION. Fasciculus dactylus was named by Radtke (1991), based on
studies of Tertiary molluscan shells. Fasciculus dactylus is characterized by
cluster forming boring systems. From a central area of penetration several
tunnels are radiating multidirectional, oriented mainly perpendicular to angu-
lar, rarely parallel, to the substrate surface. Based on Radtke's original
description the tubes are 4 to 9 !lm in diameter and are rarely ramified. In gen-
eral, the tunnels do not vary significantly in diameter. Sometimes periodical
tunnel constrictions are visible. In sorne cases the proximal end of the tubes is
enlarged.
RECORD IN EARTH HISTORY. Permian, Triassic, Jurassic, and Tertiary. In
recent environments, Fasciculus dactylus borings are produced by Hyella and
Solentia species.
MODERN-FOSSIL COMPARISON. The boring pattern of Fasciculus dactylus
closely resembles tunnels produced by Hyella caespitosa (Pleurocapsales).
Constrictions probably reflect cell morphology. According to recent investi-
gations by Gektidis (1997), Fasciculus dactylus can also be similar to borings
caused by other Hyella species or by sorne Solentia species. Fasciculus dac-
tylus borings characterized by straight, elongated tunnels, are likely bored by
Solentia species, whereas those with short tunnels may be produced by either.
(PALEO-)BATHYMETRY. Fasciculus dactylus is key ichnotaxon of two ichno-
coenoses: (1) Fasciculus acinosus/Fasciculus dactylus- Ichnocoenosis, defined
for the shallow euphotic zone II, and (2) Fasciculus dactylus/Paleoconchocelis
starmachii-Ichnocoenosis, typical for the shallow euphotic zone III (Glaub,
138 Bulletin de l"!nstitut océanographique, Monaco, n° spécial 19 (1999)
EUENDOLITHIC CYANOBACTERIA AND THEIR TRACES IN EARTH HISTOR y
Figure 2. Artificial resin-casts of fossil microborings similar to modern cyanobacte-
ria/cyanophyta. Seen From the inside of the substrate due to the cast embedding
technique. 1. Fascicu/us acinosus Glaub 1994 in a Jurassic molluscan shell (Plero-
perna sp.) From Consolaçao (Portugal) Arrow points to enJarged distal swelling.
2. Fascicu/us dacty/us Radtke 1992 in a Tertiary 11101luscan shell (Lucinidae) From
Ferme de L'Orme (France). Arrow points to typical tunnel constriction. 3. Eury-
gonum nodosum Schmidt 1992 in a Permian sponge From Djebel Tebaga (Tunisia).
Arrow points ta lateral globular swelling. 4. Scolecia fi/osa Radtke 1991 in a Silu-
rian brachiopod shell From Herrvik (Gotland, Schweden). Arrow points to presumed
X-ramification.
1994). As weil as its modern counterparts, Fasciculus dactylus is typical for
the weil illuminated part of the euphotic zone.
Eurygonum nodosum Schmidt 1992 - Fig. 2/3
DESCRIPTION. Eurygonum nodosum is characterized by straight, elongated or
gently curved tubes 9 bis Il flm in diameter (Schmidt, 1992). Ramification
occurs with different angles. Eurygonum nodosum sometimes forms networks.
The main characteristic features of this ichnotaxon are globular swellings sit-
uated laterally, which are connected to the main tunnel by a short lateral
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branch. Occasionally there is only a minor enlargement of the swellings visi-
ble which makes this ichnotaxon hard to identify.
RECORD IN EARTH HISTORY. Carboniferous ?, Permian, Triassic, and Jurassic.
In recent environments, Eurygonum nodosum borings are bored by Mastigo-
coleus testarum.
MODERN-FOSSIL COMPARISON. Eurygonum nodosum fits very weil the boring
system of Mastigocoleus testarum (Stigonematales). The globular swellings
correspond to the cavities originated by heterocysts.
(PALEO-)BATHYMETRY. Eurygonum nodosum is not used as key ichnotaxon.
In the Jurassic period, it is restricted to the Paleoconchocelis starmachiilReti-
culina elegans/Reticulina sp. l-Ichnocoenosis which characterizes the deeper
euphotic zone. The investigations on Triassic samples, carried out by Schmidt
(1992), indicate a similar bathymetric range. This contradicts the bathymetric
range of its modern counterpart Mastigocoleus testarum which, in general,
occurs in the shallow euphotic zone (e.g. Bahamas 0-30 m; Gektidis, 1997).
However, recent studies on the bathymetric distribution of Eurygonum nodo-
sum in Permian and Triassic reef environments correspond to that (Balog &
Vogel, in prep.). Which factors are responsible for these different findings still
need to be investigated.
Scolecia filosa Radtke 1991 - Fig. 2/4
DESCRIPTION. Scolecia filosa is described by long, slightly curved tunnels,
sometimes forming loops (Radtke, 1991). It may form dense interwoven net-
works. Usually, this ichnotaxon consists of tunnels 1-3 /lm in diameter.
Within one network the tunnel diameter does not vary significantly. Weil pre-
served samples show characteristic X- or Y-ramifications.
RECORD IN EARTH HISTORY. Silurian, Carboniferous ?, Permian, Triassic,
Jurassic, Cretaceous, and Tertiary. In recent environments, Scolecia filosa
borings are known from Plectonema species.
MODERN-FOSSIL COMPARISON. Boring systems similar to Scolecia filosa are
nowadays developed by Plectonema terebrans (Nostocales) as weil as by
Plectonema endolithicum, often not differentiated from Plectonema tere-
brans (Glaub, 1994; Gektidis, 1997). Their false branching modus seems to
be reflected in the X- and Y-branching patterns of Scolecia filosa. In case of
bad preservation, these tunnels, poor in features, may be misinterpreted as
fungal borings. The latter can also develop loops, but show different branch-
ing, and are usually characterized by distinctive sporangial swellings.
(PALEO-)BATHYMETRY. Scoleciafilosa is not used as key ichnotaxon. Its spa-
tial distribution ranges from the shallow euphotic zone II to the dysphotic
zone (Glaub & Bundschuh, 1997). The modern counterpart Plectonema tere-
brans also shows a wide bathymetric distribution (Vogel et al., 1996). As
eurybathic microboring, Scolecia filosa is of less importance for reconstructing
paleo-depths than the ichnotaxa described above.
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CONCLUSIONS
Ta conclude, even Paleozoic samples are significantly preserved to identify
tiny details of the boring systems. The four ichnotaxa occur in Paleozoic,
Mesozoic, and Cenozoic samples. They seem not to be influenced by the Per-
mian!friassic boundary nor by the Cretaceousffertiary boundary.
However, none of the ichnotaxa is completely recorded from the Silurian
to the present. Devonian samples have also been under investigation for
microborings, but none of the ichnotaxa from this publication were observed
in the samples studied (Vogel et al., 1987). Reasons for gaps in the historical
record remain unclear.
Conceming the modem-fossil comparison, Fasciculus acinosus, Eury-
gonum nodosum, and Scolecia fi/osa are weIl matching one specific modem
endolith, whereas Fasciculus dactylus has several modem counterparts. Thus,
the use of ichnotaxonomy is advantageous, because it allows updating of the
modem-fossil comparison in case of new findings.
For bathymetric reconstructions Fasciculus acinosus and Fasciculus dac-
tylus are extremly useful to identify subzones of the euphotic zone. Scolecia
filosa was recorded from many periods, but as a eurybathic ichnotaxon its use
for paleobathymetric classifications is limited. The bathymetric range of
Eurygonum nodosum is, according to sorne investigations, contrary to that of
its modem counterpart.
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ABSTRACT
Different types of microbial mats dominated by cyanobacteria repre-
sented the first sign of recolonisation of the oil-impacted intertidal ftats fol-
lowing the Gulf War oil spill of 1991. The most common cyanobacterial taxa
found in these microbial mats were filamentous cyanobacteria belonging
to the genera Lyngbya, Microcoleus and Phormidium. The accretion rates
measured after 18 months of colonisation ranged from a mean of 2.0 for ftat
mats to 5.9 mm y-l for pinnacle mats. The accumulated organo-sedimentary
deposits were constituted by 7-30% of organic matter, no significant differ-
ence being observed between mat types. The maximum standing crop as
measured by chlorophyll a was found in by Lyngbya aestuarii dominated
pinnacle and ftat mats (around 25 Ilg cm-2).
INTRODUCTION
Large areas of the intertidal zones of the Arabian Gulf were severely
affected by the 1991 Gulf war oil spill (Abuzinada & Krupp, 1994). Most of
the oil, which came in during mid-March was washed ashore at high tide and
was deposited between the high water springs and high water neaps, thus
affecting the upper intertidal zone which was covered by a continuous band
of oil and tar 0.5 to 300 m wide. The penetration depth of the oil ranged from
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2 to 50 cm (Hopner et al., 1992). As a consequence, almost 50 % of the inter-
tidal vegetation and most of the animal communities were extinguished. By
December 1991, an intensive appearance of microbial mats dominated by
cyanobacteria was observed (Sorkhoh et al., 1992) which showed a variety of
morphologies and a distinct zonal distribution (Al-Thukair & Al-Hinai, 1993;
Hoffmann, 1994, 1996). In this paper we report on the standing crop and
organic matter accumulation of these mats, 18 months after the oil spil!.
MATERIAL AND METHODS
In October 1992, 18 months after the oil spill, samples were collected in
various sites, described in Hoffmann (1996), and representing different
coastal habitats and different levels of oil pollution.
Mat accretion rate: The oil brought in during the oil spill rapidly solidified
leaving behind a more or less thick tar layer covering the intertidal zone
which was subsequently colonised by the blue-green algal mats. The tar layer
thus provided a fixed dated horizon, on top of which the accreting mat estab-
lished. By taking cores, the net rate of accretion was obtained by simply
measuring the thickness of the mat above the tar layer under a dissecting
microscope.
Pigment analysis: Mats were sampled by means of a core-tube, 3 cm in
diameter, which was inserted in the sediment by hand. The upper living mat
layers were removed and stored frozen until analysis. At each sampling sta-
tion six samples were taken in the same mat type. Each disk corresponding to
a mat surface of 7.07 cm2, was extracted in 10 ml methanol (supplemented
with 0.005 Na ascorbate) for 30 min. at 4°C in the dark after grinding of the
mat (Castenholz et al., 1992). Nearly all pigments were removed by a one-
step extraction. Subsequent extractions with fresh solvent were done as
needed until the remaining sand-mat debris were colourless. The absorbance
of the extracts was read at 665 for chlorophyll a and at 770 nm for bacterio-
chlorophyll a deterrnination.
Organic matter accumulation: Having the tar layer as a fixed dated hori-
zon, the net organic matter accumulation could be obtained. Three cores 3 cm
in diameter (corresponding to 7.07 cm2) were taken at each sampling station
in the same mat type. The core layers above the tar layer were removed under
a dissecting microscope. For dry weight determination, the sample was oven-
dried until constant weight at 105°C. The organic matter weight (ash-free dry
weight) was deterrnined by subtracting the weight obtained of the ash remain-
ing after combustion of 6 h in a muffte fumace at 500°C from the original dry
weight.
RESULTS AND DISCUSSION
Morphology and composition of the mats
Microbial mats dominated by cyanobacteria represented the first sign of
recolonisation of the oil-impacted mid- and low intertidal flats in the Arabian
Gulf (Sorkhoh et al., 1992; Al-Thukair & Hinai, 1993). The mats were gene-
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rally composed of laminated multilayers of oxygenic phototrophs (cyano-
bacteria) at the surface, underlain by a pink layer of anoxygenic phototrophs
(phototrophic purple sulfur bacteria, mainly of the genus Chromatium). This
distribution pattern of the photosynthetic micro-organisms in the mats is sim-
ilar to those reported for other mats found in marine environments as weIl as
hypersaline habitats (e.g. Des Marais et al., 1992; Javor & Castenholz, 1981;
Pierson et al., 1987; Stal et al., 1985). Pink patches of photosynthetic bacteria
were also frequently observed at the sediment surface in small depressions or
channels in mangroves and saltmarshes, where the leaves of the dead phanero-
gams had accumulated. The mats that built up showed a high diversity of sur-
face morphologies and occurred in conspicuous zones (Hoffmann, 1996).
The most frequently observed mat types were: (1) beige-pink-coloured flat
mats dominated by Microcoleus chthonoplastes Gom. forming a greenish
sub-surface layer. The surface of this mat was regularly colonised by a fine
film of Lyngbya aestuarii Gom. which gave it a black appearance; (2) poly-
gonal mats which developed from flat mats in zones subject to frequent drain-
age and desiccation episodes were also dominated by M. chthonoplastes;
representatives of the genus Schizothrix Gom. were, however, also of impor-
tance; (3) pinnacle mats which occurred towards the lower intertidal zone
were of two types which differed by their microbial community. Black pinna-
cie mats were mainly built up by L. aestuarii filaments, whereas beige-orange
pinnacle mats were dominated by less than 2 Ilm wide filamentous cyanobac-
teria of the genus Phormidium Gom. (= Leptolyngbya Anagn. et Kom.).
Standing crop, organic matter production and accretion rates
18 months after the oH spill (October 1992)
The accretion rates measured after 18 months (table 1) ranged from a mean
of 2.0 for flat mats to 5.9 mm y-I for orange pinnacle mats (maximum meas-
ured: 7.2 mm y-I). These values are in the same range as those observed by
Javor & Castenholz (] 981 ): 2.210.5 mm y-I and Des Marais et al. (1992):
5-14 mm y-I for similar intertidal mats. The accumulated organo-sedimen-
tary deposit was constituted by 7-30 % of organic matter (table 1); no signifi-
cant difference was observed between various mat types (means varying
between 15.6 and 18.6 %); this value is intermediate between those of ]0 %
and 41-47 measured in Microcoleus mats in Laguna Morrnona, respectively
Laguna Guerrero Negro (Mexico) (Javor & Castenholz ]98]). Per surface
area, the pinnacle mats presented the highest amount of organic matter (mean
of 26.8, resp. 39.9 mg cm-2), when compared to the flat and polygonal mats
(Table 1).
As shown in table 2, the maximum standing crop as measured by chlo-
rophyll a was found in by Lyngbya aestuarii dominated pinnacle (mean =
26.5 Ilg cm-2) and flat (mean = 23.7 Ilg cm-2) mats followed by polygonal
(mean = 14.9 Ilg cm-2), orange pinnacle (mean =7.9 Ilg cm-2) and flat beige
(mean = 4.0 Ilg cm-2) mats. Bacteriochlorophyll a reached its peak in the
orange pinnacle mats where a distinct purple layer, mainly formed by Chro-
matium spp., was visible. The chlorophyll a/bacteriochlorophyll a ratio (Table Il)
was low (3.4, respectively 4.0) in the orange pinnacle and beige-pink fiat
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Table 1. Accretion rates, proportion of organic matter and organic matter accumulation
(ash-free dry weight) in the different mat types in October 1992 (n: number of samples).
Accretion rate (mm y-I) % organic matter Organic matter (mg cm-2)
Mat type n
mean st,d. min. max. mean st,d. min. max. mean st,d. min. max.
Flat beige-pink 50 2.0 1.4 0.4 3.2 17.4 5.8 10.7 27.4 11.0 5.5 6.1 19.1
Flat black 27 2.4 1.7 0.6 6.2 18.6 6.6 10.9 29.6 13.1 5.8 6.4 20.5
Polygonal 22 2.2 1.1 0.6 4.2 15.6 6.2 7.3 22.2 15.7 6.4 7.9 27.1
Black pinnacle 32 3.0 1.5 0.6 6.7 16.6 4.8 7.1 22.4 26.8 13.9 11.8 47.3
Orange pinnacle 40 5.9 1.1 4.8 7.2 17.6 5.2 7.4 23.5 39.9 14.3 17.8 57.6
Table II. Chlorophyll a and bacteriochlorophyll a concentrations
in the different mat types in October 1992 (n: number of samples).
Chlorophyll a <llg cm-2) BacteriocWorophyll a <llg cm-2) chla/bchl a
Mat type n
mean st,d. min. max. mean st,d. min. max.
Flat beige-pink 50 4.0 3.1 0.8 9.7 1.0 0.5 0.3 1.8 4.0
Flat black 27 23.7 1I.4 10.3 39.4 1.6 1.0 0.4 3.2 14.8
Polygonal 22 14.9 3.6 10.3 18.1 1.1 0.7 0.4 2.5 13.5
Black pinnacle 32 26.5 13.6 11.8 39.6 1.9 0.8 0.4 3.2 13.9
Orange pinnacle 40 7.9 5.5 2.3 20.3 2.3 1.4 0.6 4.6 3.4
mats, indicating the important proportion of purple sulfur bacteria. When
compared to the pigment content reported for other marine microbial mats,
the chlorophyll a content measured here is generally situated towards the
lower end of the contents of other productive cyanobacterial mats (e.g. Bauld,
1984: 2.4-51; Guerrero et al., 1993: 14-75; Javor & Castenholz, 1984: 71;
Pierson et al., 1987: 52.3; Pinckney et al., 1995: 5-40; Stal et al., 1985: up to
45 Jlg cm-2).
This fast recolonisation of the oil-impacted intertidal shores by microbial
mats was probably an important factor in the self-c1eaning of this polluted
environment (Sorkhoh et al., 1992), but also allowed for the rapid resettle-
ment of sorne of the typical soft-bottom fauna, for which they provided
unoiled organo-sedimentary layers, shelter and food.
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ABSTRACT
Cyanobacteria predate coral reefs by billions of years as reef formers and
their role on modem coral reefs is extremely diverse. A major role is nitrogen
fixation both by phytoplankton adjacent to reefs and by benthic cyanobacteria
on coral reefs. In sorne deep lagoons unicellular phytoplanktonic cyanobacte-
ria have been shown to be important primary producers, supporting important
second production food chains. Cyanobacteria also form a major component
of the epilithic algal community and the benthic microalgae of soft bottom
sediments - the primary producers for many trophic interactions on reefs.
Furthermore, cyanobacteria are important in calcification and decalcification
on coral reefs. Beach rock is a notable example of such activities but aIl lime-
stone surfaces have a layer of boring algae in which cyanobacteria often play
a dominant role. Cyanobacterial symbioses are abundant. The most common
hosts are sponges and ascidians. Over the last two decades surprising discov-
eries have been made of prokaryotic algae containing ChI a and ChI b. These
algae have been placed in the genus Prochloron (Prochlorophyta). They are
found in symbiosis with didemnid ascidians on coral reefs and tropical man-
groves. More recently an exotic prokaryotic alga has been found in didemnid
ascidians. This has ChI d and ChI a. In summary, it is clear that coral reefs
wouId not exist without the many important activities of cyanobacteria.
INTRODUCTION
When viewed from the Moon the Earth is dominated by the blue coloration
generated by the oceans and water vapour (Fig. 1). We can contrast this with
the red colour predominant on our near neighbour Mars (Fig. 2) which is
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Figure 1. A view of the
Earth from the moon.
Permission of National
Space and Aeronautics
Administration, USA.
Figure 2. A view of Mars taken by
the Mariner Orbiter Space Craft.
Permission of National Space and
Aeronautics Administration, USA.
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Figure 3. Stromatolites al Hamlin Pool, Shark Bay, Western Australia. See color
plates at the end of the volume.
devoid of water. One of the earliest signs of life on the Earth to an observer
From space at that time would have been generated by the formation of stro-
matolite reefs which occur now as fossil structures in the oldest rocks known
(Schopf el al., 1983). Stromatolites which exist today (Fig. 3) are dominated
by cyanobacteria and it is presumed that the oldest fossil stromatolites of
ca. 3.45 billion years ago (BYA) (= 3.45 x 109 yr) were formed by ancestors of
cyanobacteria (Avramik, 1992). These structures had the capacity to generate
Iimestone, which gave rise to the permanent structures still found today.
Throughout the succeeding 3 BYA many shallow reefs undoubtedly arose
and formed a habitat for cyanobacteria (see Section 5) but modem corals are
a relatively recent phenomenon. Modern scleractinian corals are easily dated in
the geological record by their distinctive skeletons and appeared first 230 MYA
in the Triassic (Veron, 1986). They were preceded by the rugose and tabulate
corals which arose about 400 MYA and died out with the arrivaI of the
modem corals (Veron, 1986). The rugose and tabulate corals and the stromato-
poroid "sponges" may have had zooxanthellae (eukaryotic dinoflagellate
algae) as symbionts, as do scleractinian corals (Fig. 4). Red algal-dominated
reefs were also common. But undoubtedly cyanobacteria played a major role
on the reefs formed then, as now.
Thus although cyanobacteria have been supplanted on modem coral reefs to
an extent by eukaryotic algae, especially by the dinoflagellate zooxanthellae and
coralline red algae, they play an essential role in the ecology of modem reefs.
The distribution of coral reefs today (Fig. 4) is pan-tropical, with the high-
est latitude reefs occurring in warm water currents on the Eastern and West-
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Figure 4. The global distribution of coral reefs (adapted from Veron, 1986). See
color plates at the end of the volume.
ern seaboards of Australia at approx. 300 S. The centre of biodiversity lies in
the region of Melanesia (Indonesia, Philippines, Micronesia) and this is coin-
cident with the centres of biodiversity of seagrasses and mangroves. The bio-
diversity becomes less East and West of this region. There are no coral reefs
on the West Coast of Africa and the total number of coral genera in the Carib-
bean is only 50 compared with 450 in Melanesia (Veron, 1995).
Coral reefs have a complex structure (Fig. 5). They are dominated by coral
(Fig. 6) but algal calcification, both by the green algae Halimeda spp. and the
crustose coralline algae (red algae) accounts for a large proportion of lime-
stone that accumulates beneath the living veneer of any reef (Borowitztka &
Larkum, 1986). Since ail these reef-formers depend on photosynthesis for
their calcification processes, organic growth of reefs only occurs in the
euphotic zone. The best growth occurs in shallow water outside the reef crest,
where water motion and light are greatest. This region is called the upper reef
slope. Further down, on the lower reef slope Iight and water motion become
limiting so that growth of coral and algae is restricted. These regions accrete
more slowly but may derive input from limestone material, which rails down
the slope during storms. At the reef crest, which is generally exposed at low
tide, accretion is slow. Here many types of algae occur at the expense of
corals and cyanobacteria are abundant. Inside the reef crest there is generally
a reef fiat of shallow, irregular coral formations, infilled by crustose coralline
algae. Corals only survive when they are not exposed ta the air for more than
an hour or so each low tide. So in general the level of the reef flat is at the low
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Figure 5. Aeriai view of One Tree Reef, Great Barrier Reef.
Figure 6. Coral-dominated scene from the outer slope of One Tree Reef, Great
Barrier Reef.
See color plates at the end of the volume.
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water level of the lagoon. However storms and cyclones dislodge corals and
set them down at a higher elevation, where the living coral dies. Such exposed
boulders are the favoured sites of several species of nitrogen-tixing cyanobac-
teria, such as Calothrix corallina and Scytonema sp. (Larkum et al., 1988a).
Finally inside the reef flat there is generally to be found a lagoon with a sandy
bottom. Many cyanobacteria are found on the bottoms of such lagoons,
although grazing by a multitude of grazing animaIs means that their presence
is often not readily apparent.
PHYTOPLANKTON
Composition and abundance
Coral reefs occur in oligotrophic waters where the concentration of phyto-
plankton is typically < 1 Ilg ChI a per ml (Charpy, 1996). These low bio-
masses support only low abundances of zooplankton. Thus the water flowing
onto and over coral reefs carries with it only a poor supply of organic mate-
rial. Nevertheless it is possible for non-reefal, oceanic water to be a substan-
tial proportion of the nutrient supply to a reef, if, and only if, there is a
constant current driving water onto and off the reef. Under these conditions
the flux of C, N and Pinto reef ecosystems from this source can be high.
Unfortunately there are few reefs in which this occurs and in the majority
either no current exists (only the tidal motion, which tends to bring the same
water mass onto and off the reet) or the currents are sporadic.
Nevertheless there are situations where local events may bring large con-
centrations of plankton onto reefs. The tirst of these are caused by upwellings
(advection) of nutrient-rich (deeper) water, which can generate phytoplank-
ton blooms - which in tum can generate zooplankton blooms. When these
intercept coral reefs there can be a large input of C, N and Pinto the reef sys-
tem. The second situation is where blooms of the cyanobacterium, Tricho-
desmium, occur (Figs 7 & 8). Several species of Trichodesmium exist and
which are known to bloom and to generate considerable quantities of organic
material (Capone et al., 1997, Karl et al., 1997). Such blooms are known to
occur in many coral reef waters around the world, including the Great Barrier
Reef. Where blooms intercept coral reefs large quantities of C, N and P can
be carried onto a reef in the form of Trichodesmium and dependent zooplank-
ton. Very little information is available on the frequency of occurrence or the
importance of such input on coral reefs, but one can assume it can be rela-
tively significant.
Recently the importance of Synechococcus spp. and the prochlorophyte
Prochlorococcus marinus as weIl as picoeukaryotes has been demonstrated in
coral reef waters: in deep atoIllagoons of Polynesia (Charpy & Blanchot, this
book) and in inter-reefal waters of the Great Barrier Reef (Crosbie & Fumas,
this book). The significance of these tindings for the ecology of these reefs
has yet to be fully assessed. In the case of the deep lagoons in Polynesia it is
clear that the primary production of the Synechococcus spp. is a major con-
tributor to the high secondary production of these lagoons, which includes
important tisheries (Charpy, 1996).
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Figure 7. Trichodesmiul11
erythraeum at a magni-
fication of 1200 x, show-
ing bundles of trichomes.
Photograph taken by
J. O'Neill.
See color plates
at the end of the volume.
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Figure 8. A large Tricho-
desmiwn bloom on the
Great Barrier Reef (Capri-
cornia Section) (area bet-
ween Swains Reefs and
Capricorn Group of Reefs)
stretching for several
hundred kilometers.
Taken by NASA astro-
naut from space. Permis-
sion of National Space
and Aeronautics Admin-
istration, USA.
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Nitrogen fixation
Trichodesmium spp. are ail non-heterocystous, nitrogen fixing cyanobacte-
ria (heterocysts are specialised cells, where nitrogen fixation takes place, on
filaments of certain cyanobacteria). Trichodesmium spp. can form very large
blooms in the world's tropical oceans (Fig. 8) and thus large quantities of
atmospheric dinitrogen can be injected into water bodies by this means. Very
little is known of the triggers for such blooms but it can be assumed that
P availability is a very important factor. In any case since Trichodesmium
blooms are a common feature in waters off coral reefs (Glibert & O'Neill,
this book) it may be assumed that P is available in sufficient quantities to sus-
tain the blooms for significant periods of time. This is consistent with the pro-
posaI that such waters are generally Iimited by the availability of inorganic
nitrogen species. Thus the ability of Trichodesmium to fix atmospheric nitro-
gen is ail important. There may also be other cyanobacteria present in such
waters, which contribute additionally to nitrogen fixation. However there is
!iule documentation of this subject.
BENTHIC CYANOBACTERIA
Nitrogen fixing cyanobacteria
The greatest role for cyanobacteria in the benthic communities of coral
reefs is nitrogen fixation. Table 1!ists the results of a number of studies which
support the conclusion that there are many benthic cyanobacteria which carry
out nitrogen fixation and that N2 fixation by these organisms contributes mas-
sive inputs of nitrogen into the food chains of coral reefs. The cyanobacteria
involved maybe heterocystous filaments (e.g. Calothrix spp., Fig. 9), non-het-
erocystous filaments (as in sorne Lyngbya spp.) or unicellular forms (as in
Aphanothece spp., Fig. 10). In shallow reef systems dominated by shallow
limestone communities, such as at One Tree Reef (Great Barrier Reef) results
have indicated that nitrogen fixation contributed up to 15% of the total nitro-
gen needs of the primary production of the reef (Larkum et al., 1988a). In a
deep coral atoll lagoon at Tikehau (French Polynesia) similar calculations
indicated an even greater contribution for the benthic communities (Charpy-
Roubaud et al., 1997). However, in the latter situation the major primary pro-
duction came from the phytoplanktonic cyanobacteria (Synechococcus sp.,
Charpy-Roubaud et al., 1997) in the water column. As explained in section 2
the overall budget in this situation is unclear.
Many of these Nrfixing species also play a role in structuring the epilithic
algal community and in providing fixed carbon to many food chains through
their high productivity.
Non-nitrogen fixing cyanobacteria
Il is becoming clear that more and more cyanobacteria are being shown to
be capable of fixing atmospheric N2. Thus it is unclear how many non-N2
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Figure 9. Filaments of the heterocystous nitrogen fixing cyanobacterium, Calothrix
sp., from One Tree Island, Great Barrier Reef.
Figure 1O.Ap/1anothece sp., a nitrogen fixing unicellularcyanobacteriumofcoral reefs.
See color plates at the end of the volume.
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Table 1. Comparison of nitrogen fixation rates of various communities of coral reefs.
Place Methods mgm-
2
Sourceday-l
Barbados C2H2 red; 15N2 1.8 Patriquin & Knoweles (1975)
GBR (Central) C2H2 red 1.1-8.5 Wilkinson et al. (1984)
Same sites (muds) C2H2 red 4.4-8.6 Corredor & Capone (1985)
Same sites (sands) C2H2 red 0.3-2.4 Corredor & Capone (1985)
on (sand) C2H2 red; 15N2 0.25-0.5 Larkum et al. (l988a)
Bermuda (sand) C2H2 red 0.13-4.08 D'Neil & Capone (1989)
Puerto-Rico C2H2 red 0.71-5.17 D'Neil & Capone (1989)
San Salvador C2H2 red 0.07-0.69 D'Neil & Capone (1989)
Australia C2H2 red 0.2-1.3 D'Neil & Capone (1989)
Australia C2H2 red; 15N2 2.7-6.7 O'Donohue et al. (1991)
GBR (sand) C2H2 red 3.36 (c) Capone et al. (1992)
Eilat (Red Sea), sand C2H2 red 32.79 Shashar et al. (1994)
Tikehau (Iagoonal sand) C2H2 red; 15N2 0.4 - 3.9 Charpy-Roubaud et al. (1997)
DT!, Limestone C2H2 red; 15N2 3.12-6.22 (c) Larkum et al. (1988)
Eilat, Limestone. C2H2 red 93.16 (c) Shashar et al. (1994)
Tikehau (Limestone) C2H2 red; 15N2 2.12 Charpy-Roubaud et al., in press
DT! (beach rocks) C2H2 red; 15N2 0.19-0.38 (c) Larkum et al. (1988a)
Lizard Island (beach rocks) C2H2 red; 15N2 1.9-8.4 Burris (1976)
Tikehau (beach rocks) C2H2 red; 15N2 1.4 - 8 Charpy-Roubaud et al. (1997)
Tikehau (ES) C2H2 red; 15N2 1.44 Charpy-Roubaud et al. (1997)
Tikehau (EM) C2H2 red; 15N2 8 Charpy-Roubaud et al. (1997)
GBR = Great Barrier Reef; OTI =One Tree Island; EM =exposed mats; ES =exposed beach sand.
Eilat is in the Gulf of Aqaba, Red Sea; Tikehau is in French Polynesia; One Tree Island and Lizard
Island are on the Great Barrier Reef.
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fixing cyanobacteria actually exist. Little attention has been focused, up ta the
present time, on roles of cyanobacteria, other than N2 fixation. It seems likely
that a number of non-N2 fixing cyanobacteria do exist and that these play
various, but little-studied, roles on coral reefs. These gaps in our knowledge
need serious attention.
In addition to their presence on the abundant limestone surfaces cyanobac-
teria are also present on the sand surface of lagoons and the outer slope and
also as epiphytes on algae and benthic animais. For example, Laurencia spp.
(Rhodophyta) can be densely coated with Lyngbya majuscula at times and
high rates of nitrogen fixation have been observed (unpublished obs.). The
contribution of such communities have not been fully characterised. In terms
of primary production the cyanobacterial communities of lagoon sand sur-
faces are very important because they are often the predominant algae
present. However because these communities are tumed over rapidly, by a
variety of grazers, such as holothuria, mollusca, and crustacea, they are rarely
abundant and have not attracted the attention that they deserve.
Calcifying and Carbonate-Binding Cyanobacteria
Beach rock is one of the typical features of many coral cays (Fig. Il).
Large consolidations of limestone occur on the beach at about mid-tide level.
This beach rock may be extremely eroded, the result being pitted structures
which may be several metres in depth and width, but in other cases beach
rock is smooth and coated with a slime of algae. There has been much discus-
sion as to the origin of beach rock. Close inspection shows that they are com-
posed of consolidated fragments of weathered corallimestone. Cyanobacteria
are abundant both on the surface and as boring algae in the first few millime-
tres of rock. The important question is how the beach rock is formed. A recent
investigation concluded that cyanobacteria were not essential agents in lithi-
fication (Meyers, 1987). Other investigations have concluded that cyanobac-
teria are a) agents of lithification and binding (Davies & Kinsey, 1973) and
b) agents of dissolution (Krumbein, 1979).
BORING ALGAE
A well-recognised boring alga of limestone surfaces on coral reefs are spe-
cies of the genus Ostreobium (arder: Caulerpales; Division: Chlorophyta)
(Fork & Larkum, 1989). However in addition, a number of cyanobacteria have
also been identified (Le Campion-Alsumard et al., 1995; Charpy-Roubaud et
al., this volume). A scanning electron microscope view of the appearance of
these organisms in situ is shown in Fig. 12. The activities ofthese algae are not
weil defined. Presumably for much of the time they exist under low light
conditions because the epilithic algal community absorbs a major portion of
the light. Our own measurements of light penetration show that light is
reduced to below 0.1 % at a depth of 2 mm (Larkum & Koch, unpublished) but
measurements of absorption by the epilithic algae community alone are not
available.
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Figure 11. Beach rock ar One Tree Island, Great Barrier Reef.
Figure 12. Scanning electron microscope image of endolithic organisms (Hye!la) in
limesrone derived from coral on an exposed facies of a coral reef. Photograph raken
by Le Campion-Alsumard.
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SYMBIOTIC CYANOBACTERIA
Cyanobacteria are well-known as symbionts of coral reef animals. They
are found as endosymbionts in radioJaria, Pori fera (sponges), and Ascidia
(ascidians or tunicates). While cyanobacteria are found as symbionts in
hydrozoans, there is no substantial report of their presence in either hard or
soft corals, where their place has been taken by zooxanthellae.
Many sponge-cyanobacterial symbioses have been recorded (Wilkinson,
1978, 1980; Larkum et al., 1988b). In many of these it appears that the
sponges augment their heterotrophic feeding activities by the autotrophic
activities of the cyanobacteria symbiont, part of the fixed carbon being passed
on to the host (Cheshire et al., 1997). There are other sponge-cyanobacterial
associations, which are obligate and strongly autotrophic. Cyanobacterial
genera found to undergo symbiosis in sponges include: Anabaena, Aphano-
capsa, Oscillatoria, Synechocystis, Phormidium.
Most of these are typical cyanobacteria. But sorne have interesting proper-
ties. In a number of largely deep-water sponges a group of cyanobacteria
occur which possess a different range of phycobiliproteins to that found in the
majority of cyanobacteria. In the latter the phycourobilin chromophore is
found in addition to the more common phycoerythrobilin chromophore (Lar-
kum et al., 1987; Larkum et al. 1988b) (Fig. 13). This is an adaptation for
more efficient light harvesting in these deep-water forms.
Figure 13. Electron microscope
view of a filament of the symbiotic
cyanobacterium Oscillaloria spong-
elliae found in the host cells of the
sponge Dysidea herbacea. (Photo-
graph taken by G.c. Cox).
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CYANOBACTERIAL MATS AND STROMATOLITES
Cyanobacterial mats occur in many regions of the world ranging from
polar regions to the tropics They have been variously defined (Cohen el al.,
1976). In the general sense they are associations of organisms dominated by
cyanobacteria but in association with photosynthetic bacteria, sulphur bacte-
ria and other microorganisms. They generally form fiat, extensive mats,
which are several millimetres in thickness on sand or mud. These mats occur
rarely on coral reefs. More common are cyanobacterial cushions which can
be common on the ftoor of coral reef lagoons (Charpy-Roubaud el al., 1997)
(Fig. 14). Also found on coral atolls are freshwater or brackish water mats
known as Kopara (DeFarge el al., 1994; Trichet & Defarge, this book). These
Kopara mats form on the raised surface of the atoJJ and are thus isolated from
the lagoon and the seawater on the outside of the atoll. They are often found
in muddy pools and are dominated by cyanobacteria in association with other
microorganisms. In deeper strata of the mats calcium precipitation appears to
occur and so a comparison with stromatolites has been attempted (Charpy-
Roubaud el al., this book).
Figure 14. A cyanobacterial cushion at Tikehau lagoon. Photograph taken by
C. Charpy-Roubaud.
Stromatolites are large limestone boulders (up to 1 m across) (Fig. 3)
which are formed by cyanobacteria and other organisms on their surface.
Weil known stromatolites occur in Baja Califomia and in Shark Bay, Western
Australia. More rarely stromatolites occur in areas where corals are found
such as the Bahamas (Pauli el al., 1992); but they are not now found generally
on coral reefs, unless under the name of beach rock (see "Calcifying and Car-
bonate-Binding Cyanobacteria", above). However, there is a certain amount
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of evidence to suggest that stromatolites or stromatolitic deposits played a
more important role on earlier Quatemary coral reefs (Camoin & Montag-
gioni, 1994). Furthermore as pointed out in the "Introduction", stromatolites
were the community which took the place of coral/stromatoporoid reefs right
up to Cambrian times.
PATHOGENIC ORGANISMS
A number of pathogenic cyanobacteria probably exist on reefs. Black band
disease of corals is definitely due to the cyanobacterium Phormidium coral-
lyticum in association with Beggiatoa spp. (Peters, 1993; Richardson, 1996).
This disease has affected quite large amounts of reefal corals in places and as
its name implies spreads across coral communities as a front with a black
band Jeaving dead coral skeletons in its wake.
EXOTIC ORGANISMS
Prochloron didemni
Prochloron was discovered in 1975 (see Lewin, 1977; Lewin & Chang,
1989) as a symbiont in didemnid ascidians from tropical mangrove roots and
on coral reefs (Fig. 15). It is unique in being a prokaryotic oxygenic pho-
totroph with chlorophyll b as well as chlorophyll a. Although early specula-
tion placed it on the evolutionary pathway to green algae recent phylogenetic
determinations have placed it within the cyanobacterial clade (but distinct
from two other more recently discovered organisms, which also possess sim-
ilar characteristics - Prochlorothrix and Prochlorococcus; however see
Larkum in press).
Since the first discovery more than 25 didemnid ascidian species have been
shown to have Prochloron (Lewin & Chang, 1989). In most cases the asso-
Figure 15. Photomicroscope image of Prochloron cells together
with host ascidian cells.
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ciation is extracellular in the effluent cavity of ascidians from tropical man-
grove roots and on coral reefs. However a number of superficial associations
have been discovered. Since the early discoveries more than 25 didemnid
ascidian species have been shown to have Prochloron although it is not estab-
lished yet whether these are ail from the single species, Prochloron didemni
(Lewin & Chang, 1989).
Acaryochloris marina
Acaryochloris marina was discovered in 1997 and is a prokaryotic oxy-
genic phototroph, which contains mainly chlorophyll d with small amounts of
chlorophyll a and magnesium-2,4-divinyl phaeporphyrin monomethyl ester
and phycobiliproteins (Miyashita et al., 1996). This organism is presently
unc1assified but preliminary data from SSU RNA indicate that it falls within
the cyanobacterial clade (E. Moerschel pers. corn).
Acaryochloris occurs in Lissoclinum patella and other didemnid ascidians,
which harbour Prochloron didemni. In our studies on the Great Barrier Reef,
Acaryochloris occurs in Lissoclinum in very low quantities and Prochloron is
the major symbiont. It is therefore likely that Acaryochloris exists in a special
niche, which is possibly in the test, but this has not been fully proven.
The discovery of Acaryochloris indicates that there may be more oxygenic
prokaryotes still waiting to be discovered.
CONCLUSIONS
Cyanobacteria play a crucial role on coral reefs even though they may be
inconspicuous (Figs 5 & 6); if for any reason they were to be exterminated in
the present world coral reefs would cease to exist as we know them. It is the
role of nitrogen fixation, which is most important in this respect. But other
roles - as symbionts and as boring algae - wouId also cause a dramatic
change in structure of reefs.
Ironically cyanobacteria played a pivotai role in earlier symbiotic associa-
tions and indeed generated the plastids according to the widely held endo-
symbiotic hypothesis but have been superseded in corals by dinoflagellate
algae. The explanation of this ("Why dinoflagellates and not cyanobacteria?")
raises many interesting questions and possible lines of research. The disco-
very of Prochloron and Acaryochloris and the possibility that more exotic
organisms will be discovered on coral reefs in the future is another indication
of the long history of this ancient group. Future research will undoubtedly be
concemed with this important area.
Other important areas of future research will be concemed with the role of
Trichodesmium spp. in the nitrogen nutrition of coral reefs, the role of cyano-
bacteria as primary producers and the role of cyanobacteria in the cemen-
tation and dissolution of coral substrates by surface and boring algae. In
addition, in any prediction of the future, we can expect (and hope for) a few
surprises.
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INTRODUCTION
The present study concerns single-celled marine cyanobacteria. For sim-
plicity, they are called here "cyanobacteria". Previous studies hypothesised
that, in oceans, the main environmental factors that favour small algae
(according to studies, < 2 or < 5 Jlm) are: high temperature, low irradiance,
and low nutrient concentrations.
Concerning high temperature, low concentrations of cyanobacteria have
been reported at high latitudes (Gradinger & Lentz, 1989). This, however,
does not agree with the observed relatively high occurrence of small algae in
the sea ice and cold waters of subarctic Hudson Bay, Canada (Robineau et al.,
1994), and in the cold Southern Ocean (Kivi & Kuosa, 1994). Concerning
low irradiance, small algae have higher photosynthetic efficiency at low irra-
diance than larger cells (Morel & Bricaud, 1981) and their subsurface
maxima are often 10cated deeper (i.e. at lower irradiance) than those of 1arger
cells (Glover & Morris, 1981). High irradiance does not prevent, however, the
concentrations of small algae to be sometimes high in surface waters (Landry
et al., 1996) and in clear coral reef waters (Charpy, 1996). Concerning low
nutrient concentrations, the surface to volume ratio of cells increases with
decreasing size, so that small algae are more able to use low nutrient concen-
trations than larger cells (Raven, 1986). In addition, small algae often account
for> 50% of the total phytoplankton biomass and productivity in oligo-
Bulletin de ['Institut océanographique. Monaco, n° spécial 19 (1999) 169
ENVIRONMENT: ECOLOGY AND GLOBAL CHANGE
trophic (low-nutrient) oceanic waters (Le Bouteiller et al., 1992). There are,
however, reports of sometimes high concentrations of small algae in
eutrophic (high-nutrient) sea ice and under-ice waters, in springtime (Robi-
neau et al.. 1994, Robineau et al., ms.) It follows that the effects of tempera-
ture, irradiance, and nutrient concentrations on small algae are nat clear-cut.
The first-year sea ice, contrary to the multi-year ice which grows over sev-
eral years, forms every year in autumn and melts in late spring or early sum-
mer. Its typical thickness vary from 1 to 2 m. In the Northern Hemisphere,
that type of ice is found south of the multi-year ice pack, down to ca. 45°N,
and also in several areas within the pack. The sea ice is characterised by an
internai network of high-salinity (brine) cells and channels, which are in
communication with the underlying waters (Maykut, 1985). Within the brine
cells and channels, there is development of sometimes very high concentra-
tions of algae, with accompanying heterotrophic bacteria and micrograzers
(Sime-Ngando et al., 1997a, b). The brine environment in the first-year ice is
characterised by very low temperature (less than - 1.5°C, because of the high
salinity), from low to high irradiance (according to time in the season, snow
depth, and algal concentrations), and generally high nutrient concentrations.
In the ice-covered water column, the environmental conditions are typically
low temperature, low irradiance (combined snow and ice coyer, and some-
times very high biomass of ice algae), high nutrient concentrations, and low
phytoplankton concentrations (because of the low irradiance).
As mentioned above, small algae in general and especially cyanobacteria
are said to be favoured by high temperature, low irradiance and low nutrient
concentrations. Because the sea-ice and under-ice environments are cha-
racterised by low temperature, sometimes high irradiance, and high nutrient
concentrations, it would be easy ta conclude that ice-covered marine waters
are unfavourable to cyanobacteria. In Hudson Bay, however, Rabineau et al.
(1994) reported relatively high concentrations of cyanobacteria. They also
found positive correlations between, on the one hand, the abundances of each
pigment group (see below) and, on the other hand, in the sea ice, the salinity
(index of ice porosity), which they interpreted as a response to increased sub-
stratum availability, and, in the water column, the coefficient of diffuse light
attenuation (k), interpreted as a response to higher concentrations of sus-
pended particles. Hence, the ice and the suspended particles would provide a
solid substratum, favourable to cyanobacteria.
The present study extends the previous work conducted in Hudson Bay to
four ice-covered areas in the Northem Hemisphere.
MATERIALS AND METHODS
Samples were collected at four sites in the Northem Hemisphere (Fig. 1).
Saroma-ko Lagoon, in Northem Hokkaido, Japan, is the southemmost area with
first-year sea ice. Resolute Passage, in the Canadian Arctic, is the northemmost
site with recurrent first-year sea ice. Hudson Bay, in the Canadian subarctic, is
influenced by freshwater discharge. The Northeast Water Polynya, in the north-
east Greenland Sea, is characterised by a thin and discontinuous ice coyer.
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Figure 1. Polar map of the Northern Hemisphere, showing the four sampling sites.
NEWP: Northeast Water Polynya.
Algae were collected as follows: in the sea-ice, from ice cores, melted at
room temperature: at ice-water interface (this environment was only present
in Hudson Bay, among the four sampled sites), with syringe-type "slurp gun"
samplers, operated by divers; in the under-ice water coJumn, with a submer-
sible pump or a Niskin bottle. The water samples were fixed with 0.2% for-
maldehyde, and small algae coJlected on Poretics 0.4 fim black filters after
prefiltration on 5 fim membranes.
The cyanobacteria were enumerated by epifluorescence microscopy, under
two different excitation lights: blue (450-490 nm), under which chlorophyll-
rich eukaryotes fluoresce red, phycoerythrin-rich cyanobacteria (PEC) are
yellow, and cryptomonads are orange and larger than the PEC; and green
(530-560 nm), under which ail procaryotes (PROC) fluoresce bright red-
orange. The concentrations of phycocyanin-rich cyanobacteria (PCC) were
obtained by subtraction: P C =PROC - PEe. On each si ide, a minimum of
100-200 cells were cOllnted for the abllndant taxa, and the scarce taxa were
entirely enllmerated. The < 5 fim ellkaryotes (cryptomonads and other small
chlorophyll-rich cells) are not discussed here.
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RESULTS AND DISCUSSION
Table 1 gives the concentrations of cyanobacteria in the sea ice and ice-
covered waters. Overall, the concentrations were generally higher in the sea
ice than the ice-covered water column, and higher in Resolute Passage than in
the other areas. The concentrations of PCC were much lower than those of
PEC, except at sorne stations in Hudson Bay. At the ice-water interface
(which was only encountered in Hudson Bay), the concentrations of cyano-
bacteria were much higher than in the water column.
Table 1. Average concentrations of cyanobacteria (103 cells 1-1) in the sea ice
and ice-covered waters. In parentheses: no. samples.
Sea ice Water column
Sampling area
PEC PCC TOTAL PEC PCC TOTAL
1
Hudson Bay 600 600 1200 20 10 30(23) (23) (23) (104) (104) (104)
Ice-water interface 80 60 140(32) (32) (32)
Northeast Water - - - 70 1 70
Polynya (60) (60) (60)
Resolute Passage 2100 100 2200 3100 5 3100(26) (26) (26) (36) (36) (36)
Saroma-ko Lagoon 1400 30 1400 200 0 200(19) (19) (19) (33) (33) (33)
Table II gives simple and partial linear correlations (r) of cyanobacterial
concentrations with environmental variables in the sea ice. The only signi-
ficant correlation indicates a strong positive relationship between log PEC
and ice salinity. As suggested by Robineau et al. (1994), this may be inter-
preted as a positive response of PEC to ice porosity (i.e. substratum avail-
ability).
Table III gives linear correlations of cyanobacterial concentrations with
environmental variables in the under-ice water column. Conceming nutrient
concentrations, there are negative relationships between both PEC and PCC
and phosphate, which may indicate depletion of phosphate by cyanobacterial
growth. Algae < 5 !lm, however, account for half of the chlorophyll a, and
procaryotes for only half of the numbers of algae < 5 !lm; hence procaryotes
could not by themselves significantly deplete phosphate concentrations in the
water column, but there may be a possible contribution of procaryotes to
phosphate depletion caused by overall algal growth in the ice-covered water
column.
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Table II. Linear correlations with environmental variables in the sea ice.
No data from the Northeast Water Polynya. In parentheses: no. observations.
Sample r Partial r, controlling for S
Salinity Nitrate 1 Phosphate
log PEC 0.38 * (38) 0.12 NS (23) 0.11 NS (32)
log PCC 0.02 NS (29) - 0.04 NS (22) - 0.23 NS (27)
1 Data for Hudson Bay only; * Prob. < 0.05; NS Prab. > 0.05.
Table III. Linear correlations with environmental variables in the under-ice water
column. %E: percent surface irradiance. PCC are almost absent from the water
column, except in Hudson Bay. Data from the four sampling area.
In parentheses: no. observations.
Sample r Partial r, controlling for S
Salinity log %E Nitrate 1 Phosphate 1
log PEC 0.28 ** (227) -0.21 ** (254) - 0.12 NS (184) -0.20 ** (184)
log PCC -0.30 ** (141) 0.20 * (141) -0.14 NS (139) -0.26 ** (139)
1 No data from Saroma-ko; ** Prob. < 0.0 1; * 0.05 < Prob. > 0.01; NS Prab. > 0.05
Conceming salinity, there is a well-known inverse relationship of PCC
with salinity (Tamigneaux et al., 1995). As far as we know, a positive rela-
tionship of PEC with salinity has not been reported before. Conceming the
underwater irradiance, there is a negative relationship of PEC with irradiance,
and a positive relationship of PCC with percent irradiance. It must be remem-
bered, however, that the under-ice irradiance is very low, so that relationships
with percent irradiance may not mean much.
CONCLUSIONS
Single-celled cyanobacteria are ubiquitous in the first-year sea ice and ice-
covered waters of the Northem Hemisphere. In the water column, they make
up a substantial fraction of the biomass, so that they may contribute to deplete
phosphate when they are abundant. Phycoerythrin-rich cyanobacteria are
generally much more abundant than the phycocyanin-rich taxa; in the ice,
they may respond positively to increased porosity, i.e. substrate availability.
Phycocyanin-rich cyanobacteria are relatively abundant only in the sea ice
and in low-salinity water under the ice. Overall, the first-year sea ice and ice-
covered waters offer a challenging environment for original research on
single-celled cyanobacteria.
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ABSTRACT
For 3,700 million years cyanobacteria and their symbiotic partners have
been important communities of planet Earth. They form globally sub-aquatic,
sub-aerial, and sub-surface biofilms under low and high light, temperature,
salinity, water activity, and nutrient availability. Cyanobacterial mats were
interpreted as meteorites and stones, metazoans and bones, mud cracks,
chemical varvites, and as patinations on the marbles of the Akropolis, Athens.
They create stromatolites (laminated, biogenic rocks made of carbonates, iron
oxides, silica, sulphides and other minerals). Cyanobacterial mats can repre-
sent nothing but biologically stabilised water. They are also a stabilised form
of life surviving 50 and more years without any supplYof water. The cyano-
bacterial biofilm is the breathing skin of the Earth exhibiting geophysiologi-
cal activity. Microbial mats create dyssymmetry on a global scale making it
possible to regard life as a planetary and not an individual principle. Dyssym-
metry differs from the symmetry of crystals and the asymmetry of chance.
The principle of Dyssymmetry was proposed by L. Pasteur, supported by
Note from the editors: the authors alone are responsible for the views expressed in this article.
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P. Curie and developed by v.1. Vemadsky. We state: "Ali systems creating,
maintaining and modifying dyssymmetry in a physical, chemical and mor-
phogenetic sense are alive". This includes (1) natural bodies within a single
unit membrane and (2) biocoenoses (individuaIs fused into a whole living
entity). The latter can be a trichome, a colony, a plant, an animal, a bee hive,
reef, microbial mat, forest, or Earth as a whole. Living matter (the biosphere)
draws negentropy from the sun (macroscopic level) and atoms from the area
defined by quantum mechanics (microscopic level) into the area of scale
invariance, where the principles of dynamic physics and biogeomorphogene-
sis mIe (mesoscopic level).
INTRODUCTION
Cyanobacteria have a global importance (1) in the evolution of geophysio-
logy in the early periods of life on Earth; (2) by the life style and persistency
of cyanobacterial and other microbial mats; (3) through their major share of
the totality of the living matter of Earth in the past, present and future; (4) by
poikilotrophy as a physiological principle of geological dimensions (Gor-
bushina and Krumbein, 1998).
Earth may be regarded as a single living system (Paracelsus, 1493-1541;
G. Bruno, 1548-1600; G.w. Leibniz, 1646-1760) or a machinery (R. Descartes,
1596-1650). The idea of a global biosphere was promoted by G.L.L. Buffon
(1707-1788). Both approaches (animism and mechanism) were discussed by
1. Kant (1724-1804) and his student J.G. Herder (1744-1803). Herder was
inclined to a genetic dialogue between the living and the non-living envelope
of Earth (Krumbein, 1996), while Kant tried to disqualify the thoughts and
mathematical approaches of Descartes and Leibniz in his elegant essay of
1746 on the correct estimation of the living forces. In his "Critics of judge-
ment" he said that "the Newton of the grass-blade will never be found". He
stated that the living force will never be calculated and shaped into a field
theory comparable to the field theory of Newton. This view was maintained
by Einstein, Bohr, Heisenberg, SchrOdinger and Delbrück. New thoughts,
data and theories evolve today, which help to rephrase the Kantian criticism.
Science will be able to calculate how the living force physiologicaUy interacts
with the physical and astrophysical ones in order to maintain the delicate
equilibrium between geophysical, geochemica1 and life phenomena and proc-
esses shaping (the fate of) Earth.
v.1. Vemadsky (1863-1945) tried to calculate the power of life in geolo-
gical processes. Kant considered the input of individual organisms while
Vemadsky exclusively used the term "living matter" for the tota1ity of aU
organisms. The study of microbial activities in cyanobacterial biofilms may
help us to understand the history of global ecology and climate and the func-
tion oflife as a geophysiological force. Krumbein (1983a) and Krumbein and
ScheUnhuber (1990) on the basis of the work of Vemadsky proposed a field
theory of life and defined geophysiology: "In the 18th Century the terms
physiology and physics were used synonymously to define the science of the
phenomena and processes of natural bodies, while throughout the 19th Cen-
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tury physics dealt mainly with inert natural bodies, and physiology with
living natural bodies. Geophysiology is the science of the phenomena and
processes of Earth as a living natural body."
Krumbein (l983b) replaced the discussion of Plato about "what is the idea
of e.g. beauty" by the discussion of "what is a stromatolite". Plato said: "The
paradox of aIl search for a definition of beauty (life) is that we already know,
what we are seeking to define. The paradox cannot be s01ved by restating that
we already perceive, what we want to conceive, for the conception is apriori.
The use of the term beauty (life) rests on the unconscious recognition of those
common qualities, which are to be expressed in the definition. In defining
beauty (life) the object is to clarify and organise a precedent for knowledge
that is obscure, confused and inarticulate."
We feel the same way with the questions posed so many times, that is. did
Earth evolve at first astrophysicaIly, then geologically, then chemically, then
through emergence and evolution of life into what it is now or is Earth from
the beginning (apriori) a living entity? A cherry stone apparently does not
metabolise and still one day grows into a cherry tree. What we want to show
in this article on the global importance of cyanobacteria and other photo-
trophic micro-organisms is relatively simple and still as complicated as the
definitions of beauty or life: We want to raise the question whether life as a
principle is not necessarily to be seen as a planetary whole not unlike the
cherry stone that generates a whole tree, when it germinates. A poem starts:
"Once upon a tree 1 came across a time". This implies that e.g. Precambrian
phototrophic activity of microbial mats is not only a pre-requisite of present
day human activities but as closely tied to them as the present day oxygen and
carbon dioxide concentrations in the atmosphere. The latter namely cannot be
explained without involving the eon long cycle of carbon through sedimen-
tary rocks in the form of petroleum, gas, kerogen and limestone. In the fol-
lowing chapters we first describe the omnipotence of microbial biofilms then
the principle of dyssymmetry as the main witness of the inseparable unity of
the inert and living parts of Earth and in a short conclusion try to tie the two
lines of argument together.
CYANOBACTERIAL (MICROBIAL) BIOFILMS AND MATS
The term cyanobacteria emerged 20 years aga (Stanier, 1976; Rippka et
al., 1979). The first Symposium on Cyanobacteria took place 1977 (Krum-
bein, 1979). The oxygenic phototrophic prokaryotes were later grouped into
the cyanobacteria containing chlorophyll a and phycobilins, and the Prochlo-
raIes containing chlorophylls b and a and no phycobilins (Castenholz and
Waterbury, 1989).
PE. Cloud (1942, 1962) and E.S. Barghoom (Barghoom & Tyler, 1965) ini-
tiated research on microbial mats and global climate and biogeochemistry and
stated the oxygen catastrophe scenario which took place at the rise of oxygenic
photosynthesis. Cyanobacterial ecosystematic research was initiated by
Moshe Shilo, Michael Evenari and Imre Friedmann at the Hebrew University,
Jerusalem, simultaneously in the aquatic and desert environment (l965-1974).
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The group of Shilo studied molecular ecology, the group of EvenarilFried-
mann focussed on lichen and lichen associated cyanobacteria and Antarctic
cyanobacteria research. One of the authors leamed many techniques from
them during his post-doc at the Hebrew University, 1967 (Krumbein, 1969;
Krumbein & Cohen, 1974).
Giovannoni et al. (1988) and Wilmotte (1994) have given the first detailed
reviews of phylogenetic and related taxonomic and ecological/evolutionary
considerations on cyanobacteria in the context of polyphasic (molecular)
taxonomy, which will ultimately help to analyse the question of which type of
bacteria was really first and most importantly shaping the surface of our world.
Cyanobacterial phylogeny is apparently of a multiple origin and thus leads
very far back into the first genetic lineages established on Earth.
The potential of cyanobacteria as global agents and mediators of biogeo-
chemical cycles was studied by many groups, among which is the Oldenburg
cyanobacteria research group. During research trips also B.B. Jorgensen,
G. Kuenen, R. Stanier and A. Walsby got interested in the work on the micfO-
bial mats of the Solar Lake, and Sabkha Gavish, Sinai (Krumbein & Cohen,
1974; Friedman & Krumbein, 1985). The field of microbial mat research
developed rapidly over the years (Cohen & Rosenberg, 1989). The intensive
study of cyanobacterial biofilms made it possible to:
- detect anoxygenic photosynthesis of a cyanobacterium (Oscillatoria lim-
netica or better Phormidium hendersonii) (Krumbein & Cohen, 1974;
Cohen et al., 1975);
- demonstrate in situ nitrogen fixation using nitrogen isotopes instead of
acetylene reduction assays in the Frisian Islands microbial mats (Potts et
al., 1978);
- demonstrate aerobic nitrogen fixation in pure cultures of the non-hetero-
cystous cyanobacterium Oscillatoria limosa (Stal & Krumbein, 1981);
- demonstrate different fermentative pathways in cyanobacteria (Heyer,
1989);
- make detailed studies of the metabolism of hypersaline microbial mats
(Krumbein & Cohen, 1977; Krumbein et al., 1977; Gerdes et al., 1985)
- demonstrate the coexistence of large amounts of oxygen and hydrogen sul-
phide in a microbial mat (Krumbein et al., 1979);
- report on microbial methanogenesis in hypersaline microbial mats (Giani
et al., 1989);
- attract attention to non-cyanobacterial eukaryotic stromatolites which in
the form of fungal stromatolites are presently analysed by us (Krumbein,
1983b);
- demonstrate the parahistological potential of cyanobacterial mats
(Wachendorfer etaI., 1994);
- demonstrate the biogeomorphogenetic potential of microbial mats and bio-
films (Gerdes et al., 1985; Gorbushina et al., 1996);
- demonstrate in situ nitrogenase activity in benthic microbial mats using
gold labelled enzyme (Villbrandt et al., 1990)
- report on poikilotrophy in cyanobacteria (Gorbushina & Krumbein 1998)
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demonstrate magnesium silicate (MgSi04 ; forsterite) and chert (amor-
phous silica) deposition within a cyanobacterial stromatolithic lichen
(Gorbushina et al., 1996).
Cyanobacteria are the most versatile organisms of this planet. They had a
deep influence on ail aspects of life and morphogenesis on Earth. They initi-
ated the most dramatic changes in the mode of life and the atmospheric and
geochemical equilibrium on Earth by the invasion of the oceans and atmos-
phere with toxic oxygen. They initiated plant growth by symbiotic fusion
with other micro-organisms. They deeply influence the metabolic and global
cycles of phosphorus, carbon, oxygen, hydrogen, nitrogen, sulphur. The ele-
ments sodium, calcium, magnesium, iron and even such rather inert elements
as silica, gold and iridium have apparently been controlled in their redox
status and distribution in the Earth crust by cyanobacterial activities (Dyer et
al., 1989, 1994; Gorbushina et al., 1996).
One of the most important catalysing effects between living and inert
matter of the biosphere and the geosphere is related to the capacity of cyano-
bacteria to create extra-membranous and extra-cellular dyssymmetric envi-
ronments by the production of extracellular polymeric substances (EPS).
These mucous substances were termed "Urschleim".
ln 1993 a symposium on sediment stabilisation by biofilms took place
(Krumbein et al., 1994). The Symposium was celebrating "500 years of EPS-
research" in honour of the 500 anniversary of the birth date of Paracelsus
(1493-1541). In 1993, a colloquium of the American Society for Microbiology
(ASM) called 1993 the "year of the slime". Apparently the organisers were
unaware of the fact, that 500 years back Paracelsus already had discovered
the potential of EPS in surface colonisation, stabilisation and rock formation.
Aiso E. Haeckel and T. H. Huxley (see Huxley, 1868, Haeckel, 1877) were
discussing the all-embracing power of mucus, slime, EPS or "Urschleim".
They called it Bathybius haeckelii i.e. the "Ur-protozoan" or "Urschleim" that
covers the whole bottom of the ocean with its stabilising slimy network as
one huge super-organism in the sense of the "Theory of the Earth" of Hutton
(1788). The original article of Huxley (1868), in which he describes the oceanic
biofilm in his words as the birth place of Bathybius haeckelii. Huxley (1868)
wrote: "Take away the cysts which characterise the Radiolaria, and a dead
Sphaerozoum would very nearly resemble one of the masses of this deep-sea
'Urschleim', which must, 1 think be regarded as a new form of those simple
animated beings which have recently so weil been described by Haeckel in
his Monographie der Moneren. 1 proposed to confer on this new 'Moner' the
generic name of Bathybius, and to cali it after the eminent professor of
Zoology of the University of Jena, B. Haeckelii." Huxley quotes also the
statement of Captain Dayman of the Challenger and continues: "This sticki-
ness of deep-sea mud arises from innumerable lumps of a transparent, gelati-
nous substance. When one of these is transmitted to microscopical analysis it
exhibits - embedded in a transparent colourless, and structureless matrix -
granules, coccoliths, and foreign bodies." Haeckel and Huxley were not
aware of the work and writings of Paracelsus nor of the Flora Danica. in
which microbial mats were described in 1813 as the true agents of sediment
stabilisation, island formation and rock genesis. Brückmann (1721), Ehren-
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berg, (1838), Darwin (1839), Ludwig and Theobald (1852), Kalkowsky
(1908) and others expressed the same views. Thus EPS and connected cyano-
bacteria research is more than 500 years old! Ironically the creator of the
name Microcoleus chthonoplastes Prof. Mertens of Bremen never published
any of his vast results on algal research between 1800 and onwards because
all his notes and sketches for a book were sto1en from him during a trip to St.
Petersburg, London and Paris. It was Mertens who communicated this name
to Homemann, the editor of Flora Danica in a letter in which he regards this
blue-green alga as the true architect of soils and islands by its slimy bundles
of trichomes in a common sheath.
Sub-aquatic biofilms can be regarded as more than 99% stabilised and well
structured water at ambient temperature where water usually is liquid and
fluid (Krumbein, 1993). A sub-aeria1 biofilm as it occurs on and in all rocks
below a temperature of 140°C on the contrary can be regarded as more than
99% biomass living or surviving in the presence of a minimum of water for a
witnessed minimum of 50 years (Gorbushina & Krumbein, 1998). This water
is organised in channels and ultrathin tubular systems and kept in place via
intracellular and extracellular polymers of a complex composition made up
mainly of polysaccharides and proteins. The term glycocalyx (originally
coined for the slime layer of intestine epithelium) may be applicable a1so for
extracellular immobilised water. EPS consists of polysaccharides and glyco-
proteins with admixtures of many other complex molecules such as scytone-
mine, carotenoids, melanins and other pigments or refractory polymerised
substances of ill defined composition. Fibrils, fibres, fimbriae, crystae, pili,
hollow protein tubes and other structures guarantee a highly structured envi-
ronment of the micro-organism itself outside of its usual and commonly
treated communicative barriers - the membrane and the cell wall. The qua-
lities of water in such a structural environment may differ totally from the
normal physico-chemistry of water. Water may reach enormous hydrostatic
pressures within such systems (Wiggins, 1990) or may not act as a normal
diffusion medium but rather as a selective medium for the entrapment and
elimination of cations, anions, isotopes and smaller molecules. As a matter of
fact the EPS of a biofilm or a microbial mat could be regarded as something
as complex and as multi-functional as a skin or any other specialised tissue.
Paracelsus (1519, in: 1982) stated: "Forfrom the mucilage of the water are
growing and born all rocks and all sand grains and pebbles are coagulated
into a rock. Which you can see with your own eyes because any stone which
is put into flowing water will soon be covered by a mucilage and if 1 put this
very mucilaginous material into a cucurbite (something like an Erlenmeyer)
and if it then coagulates a rock will be generated just as any other rock, which
grows in the free flowing water and takes a long time to coagulate and to be
bom." This way Paracelsus introduced himself into a first place in the long
row of biofilm, microbial mat, stromatolite and EPS researchers. Comparing
the observations and experiments of Paracelsus with e.g. the description of
the activity of EPS by Characklis and Wilderer (1989) the similarity will be
evident:
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"EPS - Organic polymers of microbial origin which in biofilm systems are
frequently responsible for binding cells and other particulate materials (e.g.
sand, pebble) together (cohesion) and to the substratum (adhesion)."
A demonstration of a fossilised biofilm (or mucilage) is given already in
the first book on microscopy of micro-organisms ever published (Hooke,
1665, not Leeuwenhoek!). Hooke showed fungal micro-organisms destroying
his books and microbially generated ooids embedded into a sticky substance,
which entrapped sorne carbonate grains. Later Hofmann Bang (submitted
1817 printed 1826), Ludwig and Theobald (1852) and Kalkowsky (1908)
described (i) masses of entangled or hard substrate colonising micro-organ-
isms (confervae, algae, cyanobacteria) which are (ii) embedded in the slime
they produce themselves, (iii) creating minerais, (iv) entrapping particles, and
(v) stabilising themselves physiologically, chemically and physically into
biogeomorphogenetic elements. These mats form islands not differing much
from the growth of coral reefs, which fascinated Ehrenberg and Darwin (see
Krumbein, 1987, 1995). Growth limits, death, detachment and re-deposition
in calcareous oolite shoals are described just as in modern volumes on biofilm
formation, maturation and decay and the consequent evolution of modern
rock sequences (Ludwig & Theobald, 1852).
The following terms emerge in modern science (Characklis & Marshall,
1990; Characklis & Wilderer, 1989; Doemel & Brock, 1974, Krumbein,
1978; 1983a; Cohen et al., 1989).
Biofilms or microbial mats are:
1. Mucilage growing on interfaces, binding particles and creating rocks
(Paracelsus, appr. 1519).
2. Microbial carpets or algal carpets (Ludwig & Theobald, 1852).
3. Stromatolites (i.e. lithified microbial carpets derived from the Greek
word stromatactis, the art of making carpets) or stromatolithic mat
(Kalkowsky, 1908).
4. Aigai mats, algal skins or algal carpets (Black, 1933, Baas Becking,
1934, Cloud, 1962, Bathurst, 1971, Krumbein & Cohen, 1974; Walter, 1976).
5. Bacterial films or biofilms (ZoBell, 1943).
6. Bacterial and or microbial mats (Doemel & Brock, 1974; Krumbein &
Cohen, 1974).
The term biofilm got into wide use when attachment ofbacteria was studied
in caries research and fermenter technology and spread also to natural environ-
ments. Ironically the word film does not derive from Greek or Latin but from
the Teutonic languages. The term mat appeared as the topic of many volumes
and symposia when it became clear that the parahistological skin of the Earth
was and is at the basis of life on Earth including rock formation, rock destruc-
tion and even plate tectonics and climate shifts. We may thus summarise the
impact of cyanobacteria on global processes in the following way:
1. Cyanobacteria are at the base of ail paleontological research of the Pre-
cambrian. This allows us to say that cyanobacteria have dominated life on
Earth and the shape and dynamics of ail chemical and physical processes on
Earth (geological, terrestrial, aquatic, atmospheric) for more than 3000 mil-
lions of years. In the last 700 million of years, when eukaryotes spread more
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and more, they doubtless have been the most important factor but now associ-
ated with a myriad of interesting emerging macro-organisms which appar-
ently aIl are derived from and deeply interconnected with cyanobacteria and
their activities.
2. Cyanobacteria are at the base and are also today the major controlling
factors of the all-embracing cycles of the elements phosphorus, carbon, oxy-
gen, hydrogen, nitrogen and sulphur in the major geological and global geo-
physiological processes.
3. Cyanobacteria contribute to the composition of the gases of the atmos-
phere and hereby control the temperature of the Earth (green-house effects,
oceanic currents, winds and climate).
4. Cyanobacteria control the productivity of oceans and terrestrial environ-
ments to a large extent.
5. Cyanobacteria and other biofilm or microbial mat forming micro-organ-
isms control and regulate the composition of the crust of the Earth by creating
and depositing carbonate rocks, oxidic (goethite and hematite) and partially
or fully reduced (pyrite, magnetite) iron ores and deposits of other metals
(metal sulphides) as weIl as siliceous rock types.
6. This way cyanobacteria and associated organisms (living matter) control
and regulate the energy content and fluxes of the upper 80 km of the Earth.
7. Cyanobacteria have been and are major factors in the erosion of rocks
and mountains (Krumbein, 1969).
The cyanobacterial omnipotence around the globe from the deep sea up to
the highest mountain ranges and from the tropics to the poles represents a
geophysiological and biogeomorphogenetic power which allows Earth to
deviate drastically from theoretical astrophysical planetary equilibria in its
atmosphere, hydrosphere, and lithosphere.
Mayer (1845) realised, that organisms regulate and influence thermody-
namics to an astonishingly high extent on a global scale. He predicted the
modem definition of life, namely the process of drawing negentropy from the
environment: "Nature submitted itself to the task to catch the light flooding
towards the Earth in its f1ight and to store this most evasive of the forces by
binding it into an immotile form. In order to achieve this, nature has covered
Earth with a carpet" (microbial mat) "of living organisms, which while alive
absorb the sunlight and produce a continuous sum of chemical differences
under usage of this force."
Only much later it became clear (Vemadsky, 1926, 1928, 1930, 1965;
Krumbein & Schellnhuber, 1990, 1992) that cyanobacteriaIly trapped and
immobilised sunlight may even be at the basis of plate tectonics and thus tie
together geophysiology and biogeomorphogenesis (Anderson, 1984; Krum-
bein, 1990, 1993, 1996). As a conclusion to this sketch of cyanobacterial geo-
physiological power we are again attracted by the enigmatic statement of
Kant, who opened the debate on "global change" (quoted by Krumbein,
1993): "The mountains of the Earth are sorne of the most useful elements of
il. Bumet, who regarded them as a useless and detrimental devastation made
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by God for the punishment of humankind undoubtedly is wrong. According
to the method of physicotheology we will describe aIl useful and positive ele-
ments of mountains. At the end it might be difficult to decide whether the
spherical shape of Earth or the deviations from it belong to the most useful
natural facts." Kant also thought that Earthquakes are not divine punishment
of humankind but the wise organisation of biogeochemical cycles in order to
keep life alive. Herder (1774) went even further and suggested a connection
between the living force and the environment in the form of a constant evolu-
tionary dialogue: 'The fluctuating and changing climate" (and/or environ-
ment) "consists of a multitude of causes which are unequal and thus act
slowly and differently until they penetrate into the interior of the organisms
and change the latter by adaptation and mutation. The genome withstands this
pressure of the environment for a long time, strong in its speciation and self-
replicatory power; since the genome, however, is not totally independent
from environmental influences, it must be altered necessarily with time."
Admittedly sorne of the terms of Herder, such as "exterior passions" have
been transformed into modem language. This transformation was, however,
keeping the thought of Herder exactly in the form he has formulated it
(Krumbein, 1996). In the second part of this article we will now deal with the
history and theory of the dyssymmetry principle.
THE DYSSYMMETRY PRINCIPLE
Pasteur discovered dyssymmetry in the products of wine fermentation he
received from a friend and pharmacist. He defined it as "molecular Dyssym-
metry". Organic compounds, which are typical for aIl kinds of living matter
differ from compounds composing the inert (non-living) parts of the Earth.
He called these two categories: "la nature vivante" and "la nature morte"
(still-life). There are always two enantiomorphs, which could theoretically
exist. In the protoplasm of living matter one finds pure steric compounds. In
the stereochemical equations of these compounds the atoms preferentially
arrange in left-handed or right-handed isomers instead of a statistical distribu-
tion as necessitated by physical/chemical laws. Pasteur stated that the bio-
chemical processes of living matter and their crystallisation products
demonstrate the preferential synthesis and maintenance of left-tuming or
right-tuming isomers. He called this phenomenon "Dissymétrie" and defined
it as the demarcation line between living and inorganic natural products (Pas-
teur, 1922, p. 343). Towards the end of the 19th century the notion of Dys-
symmetry was taken up by J.F. Japp (1848-1925) and P. Curie (1859-1906).
Talking about the "directive force" of life Japp (1898, p.453) posed a funda-
mental question "whether the phenomena of life are wholly explicable in
terms of chemistry and physics" and "whether they are reducible to the prob-
lems of the kinetics of atoms". He raised a problem, which is discussed now
as the problem of "reductionism" (Rosenberg, 1985, pp. 69-120). In fact, Pas-
teur already mentioned "a helical" or "spiral staircase" arrangement of mac-
romolecules. Japp proposed that "living matter is constantly performing a
certain geometrical feat, which dead matter (inert matter) is incapable of per-
forming". He formulated a general principle in his "Stereochemistry and
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Vitalism": "Only asymmetry can beget asymmetry." In view ofthis confusion
between asymmetry of Japp and "dissymétrie" of Pasteur we will now use
the term dyssymmetry. The prefix "dis" may mean "different or other than",
but also "double" as in "bi" or "bis". Symmetry originally cornes from the
Greek language and thus we prefer the Greek prefix "dys" with its meaning of
separate, different, other than. We regard symmetry and asymmetry as a pair
to which dyssymmetry is added as deviating from but not being the opposite.
This agrees with the mathematical/morphogenetic approach of D'Arcy Thomp-
son (first published 1917, 1984 edition usually used) to organisms and living
matter.
Japp (1898, p. 458) said: "We thus arrive at the conclusion that the produc-
tion of single asymmetric compounds, or their isolation from the mixture of
their enantiomorphs, is, as Pasteur firmly held, the prerogative of life. Only
the living organism with its asymmetric tissues, or the asymmetric products
of the living organism, or the living intelligence with its conception of asym-
metry, can produce this result. Only asymmetry can beget asymmetry." Japp
(1898, p. 459) also asked: "How could léevo-rotatory proteins be spontane-
ously generated in the relatively symmetric non-living world, if we accept
that the principle of symmetry is one of the fundamentals of nature?" If by
accident left or right handed enantiomers were produced in excess in a purely
chemical reaction then they wouId equilibrate by racemization. This pheno-
menon by itself is still another blow against spontaneous generation (Krum-
bein, 1995). Ifdyssymmetry is not restricted to life then a hitherto unexplored
principle of the "nature morte" should be responsible for the sudden or grad-
uai tum to dyssymmetry in living matter. Therefore we can postulate once
more that life or the "Iife field" is a principle of nature (Krumbein, 1983a,
Cramer, 1993).
P. Curie used the original terminology of Pasteur. He wrote that, if sorne
effects manifest a dyssymmetry, then the same dyssymmetry must be observ-
able in the causes of these effects, although the opposite is wrong, i.e. the
results can be more symmetric than the causes of this results (Curie, 1908).
Curie connected this principle with the idea of a "state of space" (état de
l'espace) and coined this term as a potentially different view of the living and
non-living world.
Vemadsky reports about a conversation with M. Curie: "She thinks that it
is this notion (état de l'espace) that contains the synthesis of ail his thought
(Vemadsky, 1965, p. 160). M. Curie was convinced, that P. Curie just did not
have enough time to elaborate this idea, because of his sudden death in 1906.
" The notion of "state of space" defines space as a real existing entity. State of
space is determined by physicallchemical or biophysicallchemical events.
P. Curie realised that, if space is something that really exists, then the causes
and their effects must find themselves in the same space. Applied to the prob-
lem of dyssymmetry this means, that if phenomena and processes exist in
space, where left and right are not identical, then the causes could exist only
in the dyssymmetrical state of space. This ties the problem of dyssymmetry
closely to the question of abiogenesis (spontaneous generation or "omne vivo
e vivo").
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Vernadsky created a mature theory of dyssymmetry and elaborated a
theory of spatial-temporal dyssymmetry of living matter. In the following we
discuss only Vernadsky's concept of spatial dyssymmetry. This concept is a
part of his theory of biological space and implies two meanings of the term
dyssymmetry: (1) a phenomenon called dyssymmetry of life (Urmantsev,
1992, p. 25), of which the dyssymmetry of protoplasm (Pasteur's dyssymme-
try) is a special case and (2) dyssymmetry ofthe biosphere.
On pure mathematical grounds Vemadsky considered those objects as dys-
symmetric, which:
a. are not coinciding with their mirror images (geometrically, chemically,
energetically);
b. can exist exclusively or preferentially against thermodynamic considera-
tions in either of the two enantiomorphic modifications (left and right);
c. exist in one or two different modifications selectively and preferentially
expressed in biological systems or living matter.
The dyssymmetry of Pasteur is the peculiar case of the molecular dyssym-
metry of life. Vemadsky talks of the dyssymmetry of Pasteur, when sorne
chemical compounds typical for a living natural body statistically can and
should exist in two modifications but exist only in one modification during
the whole natural history of life (Vemadsky, 1965, p. 198). When the second
modification is artificially synthesised it manifests the difference from the
natural modification by its properties. Evidently, the latter statement is trivial
and does not allow us to talk about the dyssymmetric character of space
"occupied" by living matter. In order to substantiate this idea Vemadsky takes
up the notion of the "state of space" of P. Curie in addition to Pasteur's origi-
nal articles. Vemadsky proposed a principle, which he called the Curie princi-
pie: "Dissymmetrical effects (phenomena) can be brought about only by a
dissymmetrical cause." He realised that, if space is a kind of intelligible real-
ity, then the causes and their effects must find themselves in the same state of
space, i.e. they must be embraced by a certain state of space (Vemadsky,
1965, p.182). It was remarked later, that the addition made by Vemadsky is so
important that the latter principle should be called the Curie-Vemadsky prin-
ciple (Eliseev, 1989, p. 196).
Different states of space can be more or less separated, but also close to
each other (Vemadsky, 1965, p. 169). Symmetry is a criterium of a state of
space: "Symmetry characterises the different states of the Earth space" (Ver-
nadsky, 1965, p. 169). The "state of space" of any natural body can be deter-
mined by the basic principle of symmetry. This principle declares that the
state of space of a natural body is determined by the minimum symmetry of
its properties (Vemadsky, 1988, p. 379).
Thus the dyssymmetry of Pasteur corresponds to a special case of symme-
try breaking, because it is completely out of the traditional laws of symmetry
of the non-living natural world. The dyssymmetry of living matter can be
seen as a very special case of asymmetry and/or symmetry. Using the term
"state of space", the "basic principle of symmetry", and the characteristics of
dyssymmetry we can perceive that the "state of space of a living natural
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body" will be characterised as dyssymmetric, although sorne elements of its
structure can be symmetric or asymmetric in a non-dyssymmetric way.
Vemadsky emphasised, that his approach to space and space-time differs
from the physical-mathematical approach of A. Einstein. The "space" of the
relativity theory is a "space of measurements", whereas the space ofVemadsky-
Curie is a "space of states". The "space of life" or as a whole the "life field" is
characterised by the dyssymmetrical state of space, where the leftness and
rightness and other factors are not symmetrical (identical) or statistically dis-
tributed (Vemadsky, 1997, pp. 217-218). In living matter the properties of "to
be Jeff' and "to be right" are not identical. The dissymmetric state of space of
living matter is of a hereditary nature and reproduces itself during millions of
years. The destruction or annihilation of this state of space means death. It is
one of the reasons for the necessity of multiplication: The dyssymmetrical
state of space cannot be achieved by the non-dyssymmetrical states of space.
The problem of the dyssymmetry of life implies not only the chemical dys-
symmetry of protoplasm (dyssymmetry of Pasteur). It further implies the dys-
symmetry of isotopes and other atoms, which are selectively collected by
living natural bodies. Age dating of organic matter as weil as the attribute
"biogenic" to certain types of ore deposits and other natural phenomena are
related to these novel types of dyssymmetry introduced by Vernadsky. The
preferential selection of certain isotopes and elements by biological systems
is only possible under the terms of extracting negentropy from celestial sun
energy. Galimov (1989) states, that Vemadsky was the first to realize, that
dyssymmetry applies also to these essential factors of living systems. He
wrote: "Actually, the ferments organise the space in which the movement of
biological matter takes place in a special way." Therefore it is possible to
assume, that the ideas and the notions ofVemadsky have been realised (albeit
in slightly different terms and categories) in the contemporary theory of the
biological fractionation of isotopes (Galimov, 1989, p. 343). Vernadsky fur-
ther includes the question of the relative abundance of sorne biologically
important enantiomorphs in the discussion. He expanded the Pasteur-Curie
principJe of dyssymmetry into new atomistic (isotopic) and geometric direc-
tions. The degree of morphological dyssymmetry can further be connected
with the level of entropy (Velikbekov, 1969, p. 14). Vemadsky realised, that
the chemical dyssymmetry of Pasteur had to be distinguished from the mor-
phological dyssymmetry. He further proposed a connection between these
two kinds of dyssymmetry. Experimental work in this line has been initiated
by Gause (1940) He studied left- and right-spiralled colonies of Bacillus
mycoides, which were compared with the structures of enzymes.
Vemadsky's "morphological" and Pasteur's "chemical" (protoplasmic)
dyssymmetry embrace the phenomenon of dyssymmetry of life. Dyssymme-
try of life is deeply connected to the problem of the peculiar character of the
biological space. Biological space is physically different from the inert/non-
living space. There seems to be a mathematical paradoxon between the living
and non-living world, which cannot be solved on the basis of quantum chem-
istry (Bohr-SchrOdinger-Delbrück-paradoxon). The physical space-time sce-
nario is reversible but it seems that the biological space-time scenerio is
irreversibJe as characterised by the evolution or emergence phenomenon.
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The principle of symmetry is refracted not only by the prism of dyssym-
metry, but also by the characteristics of symmetry in living matter. The
number of symmetry elements observable in any solid (crystal, mineraI) of
the inert matter is restricted. In the living world one can observe bioobjects
with forbidden for the crystals axes of symmetry of 5,7,8,9 order. The min-
eralogist W. Bragg pointed out that there are no regular dodecahedrons
among the natural crystals. In contrast to this it is possible to show symmetry
axes of the sixth and seventh order in living organisms (Vemadsky, 1988,
p. 264; 1965, p. 190). The up-to-date level of the life sciences makes it possi-
ble to describe samples with even much higher structural symmetry than Ver-
nadsky mentioned. Contemporary investigations of morphological symmetry
show that we can find in living matter not only dodecahedrons (Circorherma
dodecahedra) but also macrobio-objects with symmetry axes of 5, 7, 8, 9,
etc., orders, which are not realised in the mineraI world. Urmantsev (1974)
stated, that the macro-level of biosymmetry also demonstrates the correctness
ofVemadsky's thesis of a peculiar character of the biologieal space. Urmant-
sev generalised a vast set of empirical data concluding that in the case of
living matter both on the macro-Ievel (evolutionary) and on the micro-Ievel
(cellular) distinct dyssymetrisation can be observed (Urmantsev, 1974,
pp. 211,218). Vernadsky, however, mentioned two main kinds of dyssymme-
try, which we c1assify as: dyssymmetry of life and (morphogenetic) dyssym-
metry of the biosphere.
Dyssymmetry of life describes one of the main properties of living matter
in the theory of Vernadsky, which implies chemical dyssymmetry of Pasteur
and morphological dyssymmetry (micro- and macro- levels in the classifica-
tion of Urmantsev, 1974). The space of a living natural body is determined by
the presence of dyssymmetrical elements. We are stating dyssymmetry when
there is an element in the structure of a natural body, which exists only in a
preferred enantiomorphic form; another enantiomorph, being statistically
demanded for or even theoretically admissible, must show different essential
properties. Vernadsky further postulated, that dyssymmetry can exist also out-
side of the immediate field of life of a single organism. It will be, so to say, a
dyssymmetry of the second order, because it can be seen as a consequence of
the activity of ail living matter on Earth (the biosphere).
This "secondary" dyssymmetry is observable in the structure of biogenic
substances (e.g. organic fossils and organic matter as petroleum, coal and
evaporative hydrocarbons). This includes the question of how long a biogenic
product such as petroleum would keep dyssymmetry elements after being
released from the body of a living being (specimen, population). Racemiza-
tion of amino acids e.g. is a time/space related physical/chernical phenome-
non of slow reactions of radicals. This racemization reaction, however will
only start and get significant when the compound in question has been
released from a given living natural body (ceIl, organism, biosphere).
On the global scale we find another phenomenon: Dyssymmetry of the
geosphere: "Not ail geological envelopes and geospheres are ideally round",
although there are no pure geological reasons for this fact (Vernadsky, 1965,
p.llO). Considering the form of our geoid (or better bioid), we can expect ail
geospheres to be ideally round with the deviations permissible by planetary
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(moon and planet or cornet attractors, etc.) (Vernadsky, 1965, p. 114).
Already 1. Kant has wondered about the deviations of the planet Earth from
the ideal spherical shape (Krumbein and ScheIlnhuber, 1990,1992). Vernad-
sky (1965) did not come clearly to the idea of connecti ng both of these phe-
nomena - spatial dyssymmetry of living matter and dyssymmetry of the
geospheres, albeit he held life to be the most influential geological force.
It is possible to regard Earth as a living natural body. The biosphere and
geosphere are descendants of fossil biospheres bearing morphological-physio-
logical properties of living organisms (Beklemishev, 1994, p. 71). Within this
bioinert body living matter is an active, ruling force. The biosphere could
bear sorne distinctive features of living matter and the inert part of the Earth
must bear the traces of the influence of fossil living matter or bygone bio-
spheres (e.g. cyanobacterial, fungal or lichen stromatolites and their products
such as coal, oil and gas deposits).
If we accept the latter statement, we are faced with a new problem.
According to the observations, the area of dyssymmetry spreads down to the
envelope below the granitic layers of the crust. If the geological envelopes are
dyssymmetrical because they were and are influenced by the activity of living
matter, how can the dyssymmetry of, for instance, the region beyond the
physical/chemical conditions of life, namely, of the granite and basaIt layers
with temperatures above the critical point of water be explained?
An answer to this question lies in the concept of the bygone biospheres put
forward by Vernadsky. The main idea can be represented in the following
way. The Earth crust consists of several individual envelopes: the biosphere,
the stratisphere, the upper and lower metamorphic envelope, the granite and
finaIly basait/and/or eklogite envelopes. AlI of them were at a certain time in
the past on the surface of the Earth, i.e. they are bygone biospheres (Vernad-
sky, 1965, p. 35; Lapo, 1987, p. 166). Vernadsky (1965, p-75) explains this
phenomenon by the vertical dynamics of the Earth crust: "This [the Earth
crust] is a geologicaIly mobile area of the planet, in which substance perpetu-
aIly moves from the Earth surface towards the centre of the Earth and, quite
the reverse, from the centre to the surface. AlI geological envelopes are
'geneticaIly' connected with each other and, being taken as a whole, repre-
sent one single phenomenon influenced for aeons by living matter and its
activity. The phototropic anoxygenic and oxygenic microorganisms repre-
sented mainly by the cyanobacteria were and are the main factors in this due
to their traditional and conservative stability in planktonic and benthic eco-
systems through billions of year.
The dyssymmetry of the geological envelopes and geospheres can be seen
as caused by the presence of fossil and extant living matter on our planet. Thus
the work of Vernadsky adds a new and global dimension to the considerations
of Pasteur, Japp and Curie. On the basis of the work of Vemadsky the question
of a kind of "living continuum" between the dyssymmetry of life and the dys-
symmetry of the present and past biospheres can be posed. The question is still
open. It seems easy to compare this geological phenomenon with less time
consuming processes as the hump of the camel and the fat layers of a bear pre-
paring for hibernation. A precise mechanism of creating dyssymmetry of the
natural inert environment (crust and mantle) by living matter, however, must
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still be analysed. Anderson (1984) came to astonishingly similar conclusions:
"There is the interesting possibility that plate tectonics" (i.e.the vertical and
horizontal movement of parts of the crust and mantle which creates dyssym-
metry in a theoretically ideally spherical planetary body in the sense of Kant)
"exist only on Earth because there is limestone generating life". Thus different
sets of data hint to the possibility that not only living matter, but also the differ-
ent layers of this planet are submitted to the dyssymmetry principle of Curie-
Vemadsky. We think that the whole biosphere as a bioinert natural body can be
approached from the viewpoint of the "biological state of space". Eliseev
(1989, p.188) remarked in this connection: "Now one can say that different
states of the Earth space exist: these are the states of space of the Earth's core,
mantle, lithosphere, atmosphere, stratosphere". This hints to the possibility
that Earth can be regarded as an aeon old living entity. This could explain the
astonishing physical, morphological and dynamic deviations of Earth from
other planets of the Solar system by the creation of (biogenic) global morpho-
logical dyssymmetry. This was recently called "biogeomorphogenesis" (Gor-
bushina et al., 1996). Unfortunately this theory cannot be verified without a
detailed study of other planets of other suns demonstrating the dyssymmetry
principle by physical or biological signais.
Schroedinger (1942) said that life seems to be a form of matter based not
only on the tendency to change from order to disorder, but also on existing
order that is maintained. When a non-living system is placed in an uniform
environment, it cornes into equilibrium with the environment and becornes an
inert lump of matter. How does the living organism avoid the rapid transition
into the inert state? An answer is metabolism, material exchange. "But, an
exchange as it is cannot be the sense of the process. Any atom of oxygen is as
good as any atom of sodium" (Schroedinger, 1992, p. 70). What couId be
gained by such exchange? Everything going on in Nature means an increase
of entropy of the part of the world where it is going on. A maximum of
entropy for living organisms implies death. The living organism can avoid
this by drawing negentropy from its environment. Organisms feed upon neg-
ative entropy (Schroedinger, 1992, p. 71).
Entropy is expressible by the categories of order and disorder, a fact stated
by Boltzmann and Gibbs and introduced in the context by Schroedinger
(Schroedinger, 1992, p. 72):
entropy = k log D
where k is a constant of Boltzmann and D is a level of disorder of the
examined body. This can be written also as:
- (entropy) = k log (1/D)
Entropy taken with the negative sign is a measure of order. Thus a mecha-
nism of keeping up the high level of order by living organism can be seen as
a mechanism of drawing order from the environment.
Symmetry is one of the clearest exhibitions of order. So we rephrase
Schroedinger's statement that the living organism is a natural body deriving
dyssymmetry (negentropy) from the environment. Dyssymmetry of life rep-
resents the most convincing manifestation of order, because it is order, which
is kept during millions of years. Life should keep its dyssymmetrical struc-
tures on the macro- and micro- level and produce highly symmetrised morpho-
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structures by deriving symmetry from the environment. The latter in tum
looses symmetry and is asymmetrised. In order to stress the principally different
nature of these phenomena we should, plausibly, talk about the dyssymmetry
of living matter and asymmetry of the biosphere.
It is difficult to distinguish between living matter and its environment.
Beklemishev (1994) said, that "there is no principle difference between ribo-
some, vacuole, hair, spiders web and soil". Living matter and its environment
have to be regarded as a constant dialogue (Herder, 1774). Sometimes, how-
ever, we observe the opposite process: Living matter symmetrises, orders its
inert environment. That is why the problem of dyssymmetry is closely con-
nected with the question whether the concepts of one single living organism
and living matter as a whole are not inseparably tied together. In this context
one may propose that life as a natural phenomenon and the life field as a part
of nature are constantly extracting atoms from the microscopie scale in which
everything is exactly defined according to quantum mechanics into the meso-
scopie scale, which is scale-invariant and creates typical equilibria of a
dynamic physical character. This is achieved by constantly extracting negen-
tropy from the macroscopic scale. From this the final question arises whether
Earth as a whole is not a living organism trading atoms from Earth and Space
with the help of solar energy. If that is true, we are faced with the questions of
how the spatial, functional, and structural borders of this organism can be
defined.
A DYSSYMMETRIC GREEN PLANET
One may perhaps ask why so much time was spent on the complex and
almost awkward matter of dyssymmetry and why cyanobacteria were
addressed as the main driving forces in a global biogeomorphogenetic sce-
nario. Other important questions coming up may be: Is life reaIly a biogeo-
morphogenetic force of global dimensions? Is the sun pump really the major
energy source for global dynamics? What about other means of energy?
Many more questions may arise this way. Several books which partially base
on Vernadsky have been published in which the questions were addressed in a
more embracing or other special senses as in this contribution to a conference
on cyanobacteria. McMenamin & McMenamin (1994) for example stress the
enormous importance of fungi for the water budget of the continents. They
use the example of water transport capacity of locust swarms first mentioned
by Vemadsky then elaborated by Krumbein & Dyer (1985) aIl based on a
smaIl observation published in Nature (Carruthers, 1890). Life on this planet
is not only omnipresent from the stratosphere down to the fires of the mantle/
crust boundary. It is also omnipotent in its productive power and in the capac-
ity of transporting huge amounts of matter against gravity. This does not only
hold true for the atmosphere and the birds within it, the hydrosphere with
plankton and fish, but also for the pedosphere and the whole geosphere. The
fascinating question remains whether or not plate tectonics ultimately are a
product of the activities of life on a geological scale (Krumbein & ScheIlnhu-
ber, 1990, 1992). Westbroek (1991) partiaily based on our assumptions and
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called life a geological force. We have phrased it differently (Krumbein,
1983a, b, Krumbein & Dyer, 1985, Krumbein, 1990): Life is not a geological
force. On the contrary: The dynamics of Earth are a physiologieal process and
the creation and maintenance of dyssymmetry as the main characteristic of
life are the fossil and present evidence for this geophysiological activity.
Krumbein (1983a, b) and Gerdes & Krumbein (1987) have worded the
potential of microbial phototrophic and chemoorganotrophic life as main fac-
tors in the creation of sediments, the destruction of rocks and in the accumu-
lation of huge reservoirs of organic and inorganic highly enriched compounds
(oil, iron, silver, gold, uranium and sa on and so forth) which can never be
explained by mere geochemical or geodynamical reactions. In these years we
also discussed the question why the cyanobacterium Nostoc forms water
filled potato like structures sitting at the bottom of cold oligotrophic lakes
such as "Mares Egg" in Oregon. We then concluded: It is because they want
to create dyssymmetry of nutrients in a generally nutrient poor environmenl.
They do it by inclosing a nutrient enriched water body inside the cyanobacte-
rial skin or film which keeps the nutrients available in the extremely nutrient
poor environment surrounding il. From this and sorne considerations on
microbial mats in a long and wine enriched night discussion with A. Seilacher
the idea of the air matrass principle was born which then took its triumphant
way from Wilhelmshaven and Oldenburg via Tübingen, the Ediacara FaunaJ
Flora (Florauna) ta Yale and Harvard (Gould, 1989). In short: Life is stronger
than chemistry. And: Life is stronger than geology. The principle of creating
dyssymmetry across a membrane or any other wall or obstacle most surely
led to the emergence of tissue from cell membranes and cell walls. Tissue is
nothing but a meta-cell membrane and the living skin of Earth is nothing but
a para-histological phenomenon (Krumbein, 1996). The living skin actually
is a metaphor for the living tissue of Earth which embraces the whole atmo-
sphere, hydrosphere, pedosphere, and geosphere down to depths of more than
15 km below NN. Microbes have done weIl throughout the Precambrian.
They have improved through tissue developmenl. In this case we regard an
elephant skin as tissue as weIl as the hundreds of square kilometer embracing
"tissue" of mykorrhiza in a forest in Ohio. A microbial mat made of bacteria,
cyanobacteria, actinomycetes or fungi represents a kind of tissue as weIl as
any other plant or animal tissue. The living zone of this planet in a parahisto-
logical sense must be regarded as tissue. And this tissue measures its life in
the millions of years.
More examples could be given (like the locust swarm over the Red Sea or
the millions of tons of birds flying from Siberia to Africa). We feel, however,
that words are not sufficient and not needed. It is not sa that life is a geologi-
cal force. Geology of Earth is an expression of life. It is sa that life is a natural
principle which takes its course like any other natural principle. In view of the
tremendous span of life on Earth as witnessed by its never resting creation of
dyssymmetry it is not very useful ta talk of abiogenesis or of evolution in a
Darwinian sense. Evolution is a small-scale phenomenon and principle which
has to be replaced by a geophysiological approach when the life of this planet
is considered. The necessary energy cornes from the sun, when channeled
through phototrophy as in cyanobacteria and from organic matter or just heat
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when channeled through chemotrophy as in archaea and fungi. Apparently on
planet Earth only these two principle energy transforming reactions are valid for
the creation and maintenance of dyssymmetry. Others, however, are imaginable.
Future generations of scientists will have to answer many open questions
of the global importance of life.
We guess that the creation and destruction of water by life will be very
important in the future. Also we think that the biodynamics of silica need
much more attention.
Further we suggest that the bioenergetics of mineralisation and de-miner-
alisation merit much more attention in the future.
Finally: If life is a cosmic principle without which the cosmos cannot even
be conceived then we should explore the bioenergetics of life in extra-terres-
trial areas.
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ABSTRACT
Exposure of filamentous nonheterocystous cyanobacterium Microcoleus
chthonoplastes to varying daylight (0-1591 ilE m-2 S-I) and varying salinity
(2.5,4.0,8.0, and 12% NaCl) produced different effects on growth rate, super-
oxide dismutase (SOD) activity, and ascorbate-peroxidase (AsA-POO) activity.
A decrease in SOD and AsA-POO activity was observed under aIl salt concen-
trations, though the highest growth rates were in 8.0% NaCI. When M. chthono-
plastes ceIls were exposed to different light conditions, a different pattern was
observed to those observed in saline solutions. As light intensity increased,
there was an increase of total protein, accompanied by a partial photoinhibition.
INTRODUCTION
Under environmental stress, a variety of reactive oxygen species (ROS)
may be produced. These include singlet oxygen (O.), superoxide radical ion
(02,), perhydroxyl ion (HOl ), hydroxyl ion (HO-) and hydrogen peroxide
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(H20 2), some of which can be scavenged either by superoxide dismutase
(SaD), catalase (CAT), or peroxidase (POO). Bacteria may be subjected to
environmental stress through potential fluctuations in temperature, oxygen,
pH, osmolarity, toxic chemicals, nutrients, radiation, and pressure. The
cyanobacteria are of special interest because of their capacity to survive and
colonize extreme environments (Potts, 1994), especially the genus Micro-
coleus, which is a cosmopolitan cyanobacterium and occurs in many marine
and hypersaline environments as a dominant constituent of microbia1 mats
(Garcia-Pichel et al., 1996). Because of this, Microcoleus has been the sub-
ject of much attention. The aim of this work was to investigate the effect of
environmental Iight intensity and salinity on SaD and AsA-POO activity
from Microcoleus chthonoplastes strain SC7B9002-1, a dominant cyanobac-
terium of mats found in tidal channe1s in Puerto San Carlos in BCS, México.
MATERIALS AND METHODS
The effect of light intensity on SaD and AsA-POO activity from aM. chtho-
noplastes strain, designated as SC7B9002-1, isolated from the microbial mats in
the tidal channels of San Carlos, Baja Califomia Sur, Mexico (L6pez-Cortés,
1990) was tested following a day-night cycle ranging from 0 to 1591 ~E m-2 S-l
in an open sky. Microcoleus was cultured in a l-L flask containing 200 mL of
ASN-III at a temperature of 26 ± 2°C and a constant agitation provided by a
magnetic stirrer. We took an aliquot of 3 mL from the culture to measure the
total protein content, chlorophyll a concentration, SaD, and AsA-POO activity
every 2 h in a diurnal cycle. The effect of salinity was tested in batch culture in
1-L sterile flasks with 200 mL of ASN-III culture medium (Waterbury & Sta-
nier, 1981) in a range of salinities: 2.5,4.0, 8.0, and 12% NaCI, 25°C, 100 rpm
agitation, and a light intensity of 30 ~E m-2 S-I provided by daylight white cool
lamps. Three replicate samples of 3 mL were taken every two days of culture
during 18 days to measure chlorophyll a (Tandeau de Marsac & Houmard,
1988), total protein (Bradford, 1976), and nucleic acids (Sanbrook et al., 1989)
as growth variables. The cells were disrupted by sonication with a COLE
PARMER 4710 sonicator using three intermitent pulses of 30 seconds at 20 W
power in an ice bath at - 4°C. SaD activity was estimated according to McCord
& Fridovich (1969). The donor specificity ofM. chthonoplastes poo activity
was detennined using ascorbate (0.5 mM at 290 nm) according to Nakano &
Asada (1981) in a DU-640 Beckman spectrophotometer. Samples in triplicate
were used to evaluate total extractable protein, chlorophyll a, nucleic acids,
SaD, and POO activity. One-way ANOVA, Student's t-test and multifactorial
analysis ANOVA were made using STATGRAPHICS version 5.1 (1991).
RESULTS
Despite lacking catalase, M. chthonoplastes possesses AsA-POO as a
system to eliminate the hydrogen peroxide produced by photosynthesis
(Nakano & Asada, 1981). Light intensity of 700 ~E m-2 S-l induces the
increase of the SaD activity (Fig. lB). As light intensity increases, SaD and
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Figure 1. Effect of light intensity on total extractable chlorophyll a and proteins (A).
Inset: variations of temperature and light intensity over time. Variations of SaD
activity and total AsA-POO activity (B) from M. chthonoplastes SC7B9ûû2-1 strain.
Each point is the mean of three measurements and the bar its standard deviation.
AsA-POD activity, as weil as protein and chlorophyll a content, were not
detected because of a possible photoinhibition effect (Fig. 1). In 8.0% NaCI,
M. chthonoplastes shows larger amounts of nucleic acids, total extractable
proteins, and chlorophyll a (Figs 2A, Band C).
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Figure 2. Growth variables, chlorophyll a (A), proteins (B), and nucleic acids (C)
when M. chthonoplastes SC7B9üü2-l strain is exposed under different salt concen-
trations. The effect of salt concentration on superoxide dismutase (D) and ascorbate
peroxidase activities (E) from M. chthonoplastes SC7B90ü2-1 strain. Each point is
the mean of three measurements and the bar its standard deviation.
200 Bulletin de ['Institut océanographique, Monaco, n° spécia119 (1999)
EFFECT OF SALINITY ON ENZYME ACTIVITY FROM MICROCOLEUS
DISCUSSION
Light intensity of700 J..lE m-2 S-I induces the increase of the SaD activity in
M. chthonoplastes, which confirms previous work of Bagchi et al. (1991) and
Morales et al. (1992), where high light intensities (650 to 1,100 J..lE m-2 S-I)
were used to enhance photooxidative damage in Anabaena variabilis fol-
lowed by SaD and POD induction to prevent il. M. chthonoplastes has the
capacity to eliminate the ROS through an enzymatic system based mainly on
SaD and AsA-POD when it is exposed to high light intensities, and to syn-
thesize quantities of protein related to the light stress. After high light inten-
sity photoihibition, M. chthonoplastes recovers its ability to grow after
20 days of low light intensity culturing. Under different salt concentrations, it
was possible to observe enzymatic variations related to senescence of the cul-
ture, and to the maximum growth rates reached by M. chthonoplastes in 8.0%
NaCI as was reported earlier by L6pez-Cortés & Tovar (1992). As shown in
our results, M. chthonoplastes grows in a wide range of salinity and is consi-
dered as a euryhaline cyanobacterium, as those studied by Karsten (1996).
The resistance to drastic changes in drying and flooding observed in San
Carlos Mats (L6pez-Cortés, 1990; Tovar, 1991) could also require protection
against ROS generated under such conditions (Potts, 1994), however, it is
necessary to do more studies related to the effect of environmental stresses on
the superoxide dismutase and ascorbate peroxidase activities to determine the
mechanisms implicated in the adaptation to extreme environments.
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Most environments at the Earth's surface host cyanobacteria and are thus
supplied by organic matter (OM) derived from these organisms. In sorne
cases, accumulation of üM results in the formation of significant deposits.
This paper reports on the nature and structure of organosedimentary deposits
which form through accumulation of OM derived from cyanobacteria in fresh
to fully saline ponds and lakes, at the surface of reef islets in Tuamotu Archi-
pelago atolls (French Polynesia), The deposits, which are sorne tens to hun-
dred meters wide and sorne tens of centimeters deep, are called "kopara" by
the atoll inhabitants (Défarge et al., 1994a).
FROM DEAD CYANOBACTERIA
Tû HIGHLY ORGANIC SEDIMENTS
Global layering of the sediments
A vertical section in a kopara deposit displays the following succession of
layers (Plate 1, Figs 1-3): (i) a few mm thick green layer of living cyanobacte-
ria (mainly Phormidium, Lyngbya, Chroococcus or Scytonema; Défarge et
al., 1994a,b) at the top; (ii) one to five deep-red coloured layers, sorne mm
thick, hosting photosynthetic, purple and green sulfur-oxidizing bacteria; (iii)
red and white layers, sorne mm to cm thick, made of an alternation of
organic-rich, and organic and carbonate-rich, mm to cm thick, subhorizontal
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Plate 1:
Figure 1. Aerial view of a kopara Jake (M3, Moruroa atoll). Part of the lagoon is
visible upside.
Figure 2. Section of the top of a kopara deposit (M3, Moruroa atoll). The green top
layer hosts living cyanobacteria. The bulk deposit is composed of a red organic
matter in which white carbonate minerais precipitate in subparallellaminae.
See color plates at the end of the volume.
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laminae. The carbonates are essentially high-Mg calcite which precipitates in
situ, whithin the sedimentary organic matter (9-19 % moles MgCaJ ; Défarge
et al., 1994a). A bacterial stratification is superposed to this layering: just
below the green oxic layer, the deposit turns sharply anoxie and hosts both
sulfur-oxidizing and sulfate-reducing bacteria. The latter species are domi-
nant at depths > 5-6 cm. Methanogens are active at depth (Défarge et al.,
1994a). The age of bottom layers of kopara deposits is commonly sorne thou-
sands years BP (1390 ± 60 in lake H12 in Hao atoll; 2485 ± 210 in lake R2 of
Rangiroa atoll).
A ca. 30-40 cm thick deposit is therefore a condensed one with reference to
time. Three-dimensional space available for cyanobacterial growth is first!y
controlled by the permanent decrease of the volume of sedimentary organic
matter due to natural decay. Space also becornes available with sea level rise
which results in the elevation of the atoll. Such deepening of the water column
is supposed to have occurred during Quaternary high sea level stands. The sub-
sidence of the atoll (due to the deepening of the oceanic plate, ca. 0.2 mm/yr)
is also a significant parameter for the thickening of the sediment.
From cyanobacterial constituents to the organic component
of the sediments
The decomposition of the cyanobacterial bodies begins at the top of the
deposits (Défarge et al., 1994a). Just below the layer of living cyanobacteria,
the glycoproteic fibrils of the sheaths are already dispersed and reorganized in
a new organic framework. This framework has a honeycomb-like structure
with walls delimitating pores a few Ilm in mean diameter (Plate 1, Figs 4 and 5).
GLOBAL ORGANIC COMPOSITION OF KOPARA DEPOSITS
Elemental composition
Bulk compositions of red aM of kopara deposits are given in Disnar &
Trichet (1981): high amounts ofC (ca. 42% d.w.), H (6 %), a (42%), N (5%),
Plate 1: (following)
Figure 3. Enlarged view of the top part of the reddish deposit in figure 2 showing
various facies (Jayered, contorted, sub-spherulitic) of authigenic high-Mg calcite
bodies.
Figure 4. View of the structure of the reddish organic matter in figures 2 and 3. The
polysaccharidic constituents of the cyanobacterial sheaths disperse after death of the
organisms and re-organize into a honeycomb-structured organic framework (Jake
R2, Rangiroa atoll). Scanning Electron Microscope coupled with a cryopreparation
system (Cryo-SEM).
Figure 5. Cryo-SEM enlarged view of the polysaccharidic network in kopara oflake R2.
Figure 6. Cryo-SEM micrograph of bundles of high-Mg calcite crystals precipitated
in the alveoli delimitated by polysaccharidic walls (Jake M3, Moruroa atoll).
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S (1 %) are typical of a young, weakly altered OMo The S content is essen-
tially due to SO~- groups.
The elemental composition of OM varies progressively from the top to the
bottom of the deposit. For example, in lake H12 (Hao Atoll) organic C, N and
H contents varies from 26 to 12 %, 3 to 1 %,4.5 to 1 %, respectively, from 0
to 30 cm depth within the deposit (Défarge, unpubl. res.).
Molecular composition
The presence of glycoproteins in the deposits is inferred from positive
staining tests for polysaccharides (Défarge et al., 1994a) and amino acid and
carbohydrate content analyses (Disnar & Trichet, 1981). Analysis of amino-
acids in the red OM of a kopara deposit (Jake M3, Moruroa Atoll; Disnar &
Trichet, 1981) shows that major amino-acids are aspartic acid, alanine, gly-
cine, and glutamic acid.
The molecular composition of lipids present in kopara deposits has also
been studied (Boudou et al., 1986a, b; Miranda de Castro, 1994; Jehl, 1995).
Non cyclic hydrocarbons are represented by n-alkanes, methyl mid-chain
branched alkanes, and normal and branched alkenes. Acyclic alkohols, acids
and long chain esters also are weil represented. Alkyl-benzenes are present and
considered as alteration products of carotenoids. Steroids are represented by
sterenes, alkohols, and ketones. Hopanic compounds belong to hopenes, alko-
hols, mono- and diacids, aldehydes, and methylketones. Carotenoids are pro-
duced by both cyanobacteria and bacteria. A sample of a red layer from lake
R2 contains up to 329 Ilg/g d.w. of carotenoidic cyanobacterial pigments
(zeaxanthine 19 Ilg/g, canthaxanthine 32 Ilg/g, OH-echinenone 26.8 Ilg/g,
echinenone 42.7 Ilg/g), and 145 Ilg/g lycopene derived from sulfur-oxidizing
bacteria. These pigments are associated with 27.8 Ilglg of chlorophyll a, 50.8 Ilglg,
50.8 Ilg/g ~-carotene and 11.8 Ilg/g y-carotene. Ali these biomarkers are repre-
sentative of the microbial biomasses forming kopara.
ln sorne layers, the presence of biomarkers derived from higher plants
(n-C29 to n-C33 alkanes, oxytriterpenoids, aromatic tetracyclic hydrocarbons
derived from terpenoids) (Boudou, 1986a,b; Miranda de Castro, 1994), shows
that heavy winds or storms can cause inputs of plant remains or of sail parti-
des in the ponds.
MINERALIZATION OF KOPARA DEPOSITS
The evidence of in situ formation of high-Mg calcite in the organic frame-
work of kopara deposits was obtained under the scanning electron micro-
scope (Fig 6). Observations show that micron-sized crystals precipitate in the
alveoli on the surface of the organic walls delineated by the re-arranged glyco-
proteic constituents inherited from the cyanobacterial sheaths. In the initial
steps of mineralization the crystals can be associated into bundles (Plate l,
Fig. 6). The word "organomineralization" (in opposition to biomineraliza-
tion) has been proposed to name such a precipitation process which occurs on
non-living organic substrates (Trichet & Défarge, 1995).
206 Bulletin de l'Institut océanographique, Monaco, n° spécial 19 (1999)
COMPOSITION, STRUCTURE AND PROPERTIES OF KOPARA DEPOSITS
The mechanisms which induce nucleation of the calcite crystals are not
totally known. The high amount of diacidic amino-acids (aspartic and
glutamic) in the glycoproteins constituting the walls which form the substrate
of calcite nucleation is considered as a leading one. The ability of acidic sites
to induce calcium carbonate nucleation is well known (Addadi & Weiner,
1992).
The analysis of pore solutions from R2 pond kopara deposit (Rangiroa
Atoll) shows that they are supersaturated with respect to calcite, magnesite,
dolomite, and strontianite (Trichet & Fritz, unpubl. data). Such a result rises
the following problem: why does carbonate not precipitate uniformly in the
kopara deposit but only in sorne particular layers ? The proposed explanation
for the absence of precipitated carbonates from certain layers is an inhibition
of calcite nucleation. Such inhibition processes have been widely acknow-
ledged (Simkiss, 1991; Trichet & Défarge, 1995; Sikes et al., 1994). Interest-
ingly, a relationship between calcite precipitation and the presence of SO~­
sites on the organic subst~ates has been pro~os~d (but rema~ns controversial).
For sorne authors (Addadl et al., 1987) SO4- SItes are consIdered to complex
calcium ions and promote local nucleation of CaC03, whereas for othersSO~- sites would inhibit this nucleation (Sikes et al., 1994). The most recent
non-carbonate layers of kopara deposits frequently host abundant sulfur-oxi-
dizing bacteria (Chromatium, Thiocapsa). The analysis of SO~- in carbonate
and non-carbonate layers is currently under investigation for test the hypo-
thetis of an inhibition of carbonate nucleation by sulfate acidic sites.
Organomineralization is not the only process of carbonate precipitation
within kopara deposits. The green layer of living cyanobacteria can be the
seat of high Mg-calcite precipitation within the cyanobacterial sheaths (bio-
mineralization). Carbonate precipitation can also occur around bacteria
attached to cyanobacteria (Défarge et al., 1994b), or on bacterial bodies aside
from cyanobacterial sheaths. These precipitates are either high Mg-calcite or
aragonite (Défarge et al., 1994b, 1996). As a whole, a kopara deposit pro-
vides therefore various models of mineralization, i.e., biomineralization in
the case of cyanobacterial filaments and bacteria, and organomineralization in
the case of carbonate precipitation within the organic framework resulting
from the re-arrangement of sheath polysaccharides.
From a global geological point of view, the most striking feature of this
organic matter derived from cyanobacteria is its very early self-organization
into a "geological tissue", within which the precipitation of mineraIs can pro-
ceed. Such processes of mineralization must be taken into account in inter-
preting ancient stromatolites.
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ABSTRACT
Cyanophages (viruses which infect cyanobacteria) are abundant in the
marine environment and are thought to be a significant factor in determining
the dynamics of Synechococcus spp. populations. In an effort to use molecular
techniques to characterise cyanophage populations, we designed cyanophage-
specifie (CPS) PCR primers based on a gene found in three genetically distinct
marine cyanophages (Fuller et al., 1998). CPS primers were used to amplify
cyanophage DNA extracted from viral communities concentrated from sea-
water samples obtained during a cruise transect between the Falkland Islands,
in the south Atlantic ocean, to the UK. Following phylogenetic analysis of
cloned and sequenced PCR products, it was revealed that genetic diversity of
marine cyanophage clones within a single water sample was as great as clones
and cyanophage isolates collected between different oceans. Denaturing gradi-
ent gel electrophoresis (DGGE) analysis confirmed this high diversity. DGGE
analysis also revealed changes in cyanophage population structure in surface
seawater over the south-north transect and throughout depth profiles in the
water column. Maximum Synechococcus spp. concentrations, in a stratified
water column, correlated with maximum cyanophage diversity.
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INTRODUCTION
The discovery of high concentrations of viruses in the marine environment,
by electron microscopy, caused considerable excitement amongst biological
oceanographers (Bergh et al., 1989). It was thought that if seawater contained
as much as 108 virus particles ml- 1 they must affect the dynamics of micro-
bial and phytoplankton populations. Soon after this initial discovery, Proctor
& Fuhrman (1990) and Suttle et al. (1990) observed that marine bacteria,
phytoplankton and, in particular, cyanobacteria could ail be infected by dif-
ferent viruses and both studies speculated that viruses could mediate genetic
exchange by transduction, alter pathways of nutrient and energy flow and
maintain host species diversity.
It was soon realised that marine cyanophages could be easily isolated from
seawater (Suttle et al., 1990; Waterbury & Valois, 1993). Morphological char-
acterisation of marine cyanophage isolates revealed that they belonged to the
3 families of tailed phages (Waterbury & Valois, 1993) first described in
Bradleys classical index (Bradley, 1967). These have been further character-
ised by both molecular (Wilson et al., 1993) and growth kinetic (Suttle &
Chan, 1993) techniques. During subsequent studies, natural cyanophage titre
in seawater was shown to parallel that of its host Synechococcus spp. concen-
tration, ranging from 10 fold less abundant than their host (Waterbury & Valois,
1993) to 8 times more abundant (Suttle & Chan 1994). Furthermore, with the
use of electron microscope and decay rate data it has been estimated that
ca. 3% of natural Synechococcus populations are Iysed daily (Suttle, 1994),
hence, suggesting that cyanophages may have a significant effect in regulat-
ing Synechococcus dynamics.
Despite the fact that Synechococcus spp. are ubiquitous through the world
oceans, very few studies have actually tried to elucidate the ecological signif-
icance of cyanophages in regulating Synechococcus abundance and commu-
nity structure. Perhaps the major problem in determining putative roles for
cyanophages is the lack of suitable techniques for studying virus communi-
ties in the aquatic environment. It is only recently that molecular techniques
have been employed to investigate algal-virus populations (for review see
Wilson & Mann, 1997). One approach has been to identify algal virus-spe-
cific PCR primers which recognise specific sequences to investigate genetic
diversity. Chen & Suttle (1995) developed PCR primers based on B-family
(a-like) DNA polymerases which could detect microalgal viruses. Algal-
virus-specific PCR primers were subsequently used to amplify DNA
polymerase gene fragments from seawater concentrated in the Gulf of
Mexico (Chen et al., 1996), and it was demonstrated that there was a diverse
community of both Micromonas pusilla viruses and other unknown members
of the Phycodnaviridae.
Prior to the CUITent study, similar techniques were developed to identify
cyanophages in the marine environment (Fuller et al., 1998). A conserved
region from the cyanophage genome was identified in 3 genetically distinct
cyanophages and sequence analysis revealed that they exhibited significant
similarity to a gene encoding a capsid assembly protein (gp20) from the
enteric coliphage T4 (Marusich & Mesyanzhinov, 1989). Comparison of gene
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20 sequences from three cyanophages and coliphage T4 permitted the design
of two degenerate PCR primers, CPS 1 and CPS2 (see Fuller et al., 1998 for
sequences), which specifically amplified a region of 165 bp from cyano-
phages of the genus cyanomyovirus (which correspond to Bradley group A
[Bradley 1967]). Fuller et al. (1998) also revealed that following competitive
PCR (cPCR) analysis, single cyanophage strains could be accurately enumer-
ated over a range of ca. 3 orders of magnitude. However, different calibration
curves were obtained for each of 3 other cyanomyovirus strains tested, conse-
quently, cPCR using such degenerate primers would lead to substantial inac-
curacies in estimating cyanophage abundance in natural assemblages. Despite
these results, cyanophage-specific primers were able to amplify cyanophage
DNA both directly from seawater and following 100 x concentration of sea-
water samples. Further phylogenetic analysis of amplified products will provide
important information on the diversity of cyanophages.
In the current study we investigated the diversity of cyanophages in seawa-
ter samples collected during an Atlantic Meridional Transect (AMT) cruise
which sailed from the Falkland Islands in the South Atlantic Ocean to the UK.
Changes in cyanophage population structure in depth profiles, at individual
stations, were examined by denaturing gradient gel electrophoresis (DGGE)
(Muyzer et al., 1993).
MATERIALS AND METHODS
Study sites. Natural cyanophage communities were concentrated from
both surface seawater and depth profiles from 8 locations on a transect from
the Falkland Islands to the UK between 24 April and 19 May 1996. Samples
used in this study were taken from station numbers 2. 43°26'S 54°44'W;
3, 39°24'S 53°20'W; 5, 33°23'S 46°38'W; 6, 300 18'S 43°25'W; 11,11 °15'S
31 0 28'W; 16, 07°35'N 22°57'W; 18, 19°54'N 21°19'W and 23, 44°08'N
20°01 'W. Prior to sample concentration, phycoerythrin-containing Synecho-
coccus spp. were enumerated by epifluorescence microscopy.
Isolation of cyanophage communities. 1 liter volumes of seawater were
gently filtered through 2 Ilm (nominal pore size) nuc1epore filters to remove
zooplankton and larger phytoplankton. Resulting filtrates were concentrated
100 times by tangential f10w filtration using a mini-ultrasette with a 30 kDa
cut off membrane (Flowgen, Instruments Ltd., UK). Concentrates (ca. 10 ml)
containing both cyanophage and Synechococcus communities were stored at
- 20°C until PCR amplification.
PCR and DGGE analysis. Concentrates from surface (7m) seawater of sta-
tion numbers 2, 6, 11, 16, 18 and 23 were thawed on ice and a 10 III aliquot
was added to 100 III of a PCR mixture and the same PCR conditions were
used as described previously (Fuller et al., 1998). PCR products were subse-
quently c10ned into TA vector pCR2.1 (Invitrogen) according to the manufac-
turers instructions and sequenced by automated sequencing using a 373A
DNA sequencer (Applied Biosystems). Sequences from different stations
were aligned with known cyanophage sequences using Genetics Computer
Group (GCG) sequence analysis software. For DGGE analysis, concentrates
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from surface (stations 2, 5, 18) and depth profiles (stations 3, 16) were sub-
jected to similar PCR conditions with the exception of primers: 8 pmol of
each primer CPS4GC and CPS5 (Cyanophage Specifie) were used in the
reaction. Non-degenerate cyanophage specifie primers were based on
23/10 23/5
S-WHM1
S-BnM1
11/22
2/25
18/9
2/34
2/1
2/38
0.10 substitutions/site
Figure 1. Unrooted dendrogram of PCR products amp1ified from concentrates
collected along a south-north transect of the Atlantic ocean, using the cyanophage-
specifie primers, CPS 1 and CPS2 (Fuller et al., 1998). The dendrogram was
constructed using PHYLIP version 3.5c (Felsenstein, 1993) analysis of a GCG
"Pileup" sequence alignment of cyanophage clones from stations 2, 6, II, 16, 18, 23
(the first number corresponds to the station and the second number corresponds to
the clone e.g. 18/3 is station 18, clone 3) together with amplification products of
cyanophage strains S-PM2, S-WHMI, S-BnMI, S-RSMI, S-RSM2, S-MMI, S-MM3,
S-MM4, S-MM5 (Fuller et al., 1998). Only the sequence data between the primers
were used to construct the dendrogram.
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sequence data from cyanophage genes sequenced in Fuller et al. (1998), the
upstream primer (CPS4GC) was altered with a 40-nucleotide GC-rich
sequence (GC clamp) added to the 5' end [necessary for DGGE analysis
(Muyzer et al., 1993)], thus: CPS4GC
S' - CGCCCGGGGCGCGCCCCGGGCGGGGCGGGGGCACGGGGG-
GGTAGAATTTTCTACATTGATGTTGG - 3'. CPSS 5' - GGTAACCAGA-
AATCTTCAAGCAT - 3'. PCR amplification was carried out as described in
Fuller et al. (1998) with the exception of a lower annealing temperature of
SO°e. DGGE analysis was performed using the Bio-Rad DGene system
according to the manufacturers instructions. Briefly, PCR products (30 Ill)
were loaded onto a 10% polyacrylamide gel in O.Sx TAE (20 mM Tris ace-
tate, pH 7.4; 10 mM sodium acetate; O.S mM Na2-EDTA) which contained a
lS%-3S% denaturing gradient. Electrophoresis was performed at a constant
voltage of ISO V and a temperature of 60°C for S hours. Separated PCR prod-
ucts was visualised by ethidium bromide staining.
RESULTS AND DISCUSSION
PCR products (16S bp) were obtained from each of the 8 stations sampled
(results not shown). A selection of clones from stations 2, 6, Il, 16, 18 and 23
were sequenced in both strands and a PHYLIP analysis (Fig. 1) of resulting
sequence data (not shown) revealed high diversity between clones and the
known cyanophage sequences. Indeed, genetic diversity of cyanophages
within a single water sample was as great as cyanophages collected between
different oceans. For example, cyanophage strain S-RSM2 and clone 18/3
differed by just 8 bases, yet originate from the Gulf of Aqaba, Red Sea, and
north of Cape Verde, mid-Atlantic respectively, i.e. from different oceans.
Conservation between geographically separated cyanophages may suggest an
important role for the conserved structure and function of the T4 gp20 homo-
logue in marine cyanophages. Similar extensive ranges in diversity have been
previously observed in marine viruses which infect the photosynthetic flagel-
late Micromonas pusilla (Cottrell & Suttle, 1995) and vibriophages isolated
from seawater off Florida and Hawaii (Kellog et al., 1995).
DGGE analysis confirmed the high diversity observed with the sequence
analysis, with different profiles between each of the surface (7 m) samples
along the transect (Fig. 2, lanes 2, 3, 9, 10, 14). It is clear that sorne fragments
are common throughout the transect suggesting that sorne genetically identi-
cal cyanophages have a ubiquitous distribution in the surface ocean. It is
interesting to note the changes in cyanophage population structure compared
to Synechococcus concentrations (Table 1) at the two depth series samples
collected. At station 3 where the water column was weIl mixed and Synecho-
coccus concentrations were virtually the same from the surface down to 100 m
(Table 1), the cyanophage population structure was similar throughout the
water column as revealed by the DGGE profile (Fig. 2, lanes 3-8). In contrast,
there was a dramatic change in cyanophage population structure in the strati-
fied waters of station 16 (Fig. 2, lanes 10-13), which mirrored a maximum in
Synechococcus numbers at 40 m-SO m (Table 1).
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Figure 2. DGGE analysis of PCR prodllcts amplified from concentrates collected
along a south-north transect of the Atlantic ocean, using the cyanophage-specific
primers CPS4GC and CPS5 (this study). Cyanophage strains S-PM2, S-BM 1 and
S-BnM 1 were ail amplified in the same reaction (Jane 1); concentrates were amplified
from station numbers and depths, thus: station 2, depth 7 m (lane 2); 3,7 m (lane 3);
3,20 m (Jane 4), 3,40 m (Jane 5); 3, 60 m (Jane 6); 3, 80 m (lane 7); 3,100 m (lane 8);
5,7 m (Jane 9); 16,7 m (lane 10); 16,40 m (lane Il); 16,50 m (Iane 12); 16,70 m
(Iane 13); 18,7 m (lane 14). PCR prodllcts were subject to DGGE analysis using a
15-35% urea/formamide gradient at 150v for 5 hl' in J0% acrylamide and visualised
by ethidium bromide staining (a). DNA fragments were not very clear therefore
image analysis was used to construct a schematic diagram illustrating more clemly
the PCR products separated on the denaturing gel (b).
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Table 1. Synechococcus concentrations observed at stations used for DGGE analysis.
Station # Depth (m) Synechococcusspp.
concentration (mI-I)
2 7 8.5 x 1()4
3 7 1.2 X 104
3 20 1.3 X 104
3 40 lA x [()4
3 60 1.2 X 104
3 80 IAxlO4
3 100 1.2 X 104
5 7 2.1 X 104
16 7 6.1 x 103
16 40 1.9 x 104
16 50 1.5 x 1()4
16 70 4.5 x 102
1
18
1
7 4.6 X 103
It has been established that there is considerable genetic diversity both
within natural assemblages of Synechococcus (Toledo & Palenik, 1997) and
the co-existing cyanomyovirus population (this study). Consequently, viral
selection pressure will influence the Synechococcus clonai structure via infec-
tion and Iysis of sensitive cel1s once the host cel1 population has reached the
threshold concentration (ca. 103 ml- 1) (Suttle & Chan, 1994), thereby, per-
mitting the dominance of resistant clones. In tum, the clonaI structure of the
cyanophage standing stock will be determined by fresh production of cyano-
phages which are capable of infecting the co-existing Synechococcus ceUs.
The dynamics of this process will undoubtedly be influenced by environmen-
tal factors, such as nutrient availability, ftuctuating light and changing physi-
cal conditions which may alter the outcome of the infective process.
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INTRODUCTION
Each year cyanobacterial water blooms develop during the months of
June-September in the Baltic Sea. These blooms are composed of filamentous
heterocystous cyanobacteria that accumulate at the water surface (Walsby et
al., 1995, 1997). However, during summer picoplankton contributed for more
than 50% to total phytoplankton biomass and primary production of the
basin, when more than 90% of this small fraction can be represented by uni-
cellular cyanobacteria < 2 Ilm (Stal et al., 1998). Recently, due to the ecolo-
gical importance of such picocyanobacterial population, studies have been
initiated in order to characterize the morphological and ultrastructural charac-
ters of picoplankton (Albertano et al., 1996, 1997). However, not much is
known about the adaptation of photosynthetic capacity to varying light by
picoplankton.
The main changes that occur in cyanobacteria, in response to modifications
of the light quality in the environment, concem the photosynthetic apparatus.
As for all photosynthetic organisms, an inverse correlation exists between the
amount of light harvesting pigments and the photon flux density that reaches
the cells (Tandeau de Marsac & Houmard, 1993). Therefore, cells acclimated
to low or high light show different photosynthetic capability in response to
increasing irradiance (Falkowsky & La Roche, 1991). Consequently, the
measurement of photosynthetic parameters in picocyanobacteria cultures in
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Figure 1. PlI fitted curves showing the photosynthetic response of the "Red" and
"Green" strain grown in nitrate (AB) or ammoniun (ABH) containing medium at
10 (LL) or 60 (HL) mmol photons m-2 S-I. Filled circ1es = measured values.
PHOTOACCLIMATION RESPONSE OF BALTIC SEA PICOCYANOBACTERIA IN CULTURE
response to varying irradiances can be used to evaluate and understand the
capability of different strains to acclimate to the light regime present in the
environment.
For this reason one phycoerythrin- and one phycocyanin-rich strains of
picocyanobacteria were isolated from the Central Baltic Sea. These cultures
were grown at two light intensities in media containing either nitrate or
ammonium. The pigment content and photosynthetic parameters of these
cultures were determined.
MATERIAL AND METHODS
The "Red" strain and the "Green" strain were grown in AB medium com-
posed of two parts of BGII and 1 part of ASNIII (Rippka et al., 1979), and in
ABH medium modified by substituting sodium nitrate with 0.5 mM ammo-
nium chloride, at 0.7% salinity in a c1imate room at 17± 1°C under 10 or
60 /lmol photons m-2 S~I with a dark/light cycle of 10: 14 hours.
Chiorophyll a and carotenoids were determined after half hour extraction
in 99.9% N,N-Dimetilformamide (DMF) in the dark at ambient temperature,
and concentrations calculated according to Hirschberg & Chamovitz (1994).
Protein concentrations were determined according to Lowry et al. (1951)
using bovine serum albumin as standard.
Photosynthetic activity was determined as photosynthetic oxygen evolu-
tion at increasing irradiance by recording PlI curves, and specifie photosyn-
thetic parameters were successively determined. The evolution of oxygen was
measured using Clark type oxygen electrode in a 3 ml cell at 17 ± 1°C. Sam-
pIes were diluted with fresh media to OD750 < 0.150 to avoid self shading in
the incubation chamber, and the electrode was calibrated with saturated
(100% 02)' and anoxie (0% 02) water. A series of different light intensities
was obtained by a slide projector with a 150 W halogen lamp and a series of
slides containing plastic neutral density filters of increasing attenuation. The
samples were exposed for 5 minutes at each light intensity tested in order to
prevent adaptation or damage at high light intensities. Dark incubations lasted
15 minutes in order to obtain better estimates of respiration rates. An autom-
atized spreadsheet, based on linear regression for estimating O2 production
rates per light intensity and a chi-square minimisation for the exponential
production function P = Pm (1 - exp - a*I/Pm) + R (Henley 1993) was used
for analyses of measured 02 electrode output.
RESULTS AND DISCUSSION
The fits of oxygen evolution values measured in the two strains (Fig. 1)
showed evident increase of maximum photosynthetic (Pmax) values at the
highest irradiances in nitrate medium AB. The lowest Pmax values were
recorded at high irradiance in ammonium medium ABH.
Table 1 shows the differences in photosynthetic parameters for both strains
and media. Photosynthetic efficiency (a) is always higher at low light (LL) than
at high light (HL). However, the rate of dark respiration (R), the compensation
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Table 1. Photosynthetic parameters determined for the two picocyanobacteria grown in nitrate
(AB) or ammonium (ABH) containing medium at 10 (LL) or 60 (HL) Ilmol photons m~2 S-I.
Values ± standard error.
Strain Medium Irradiance R le Pmax Ik a P/R
Red AB LLn= 5 14.7 ± 3.4 4.4 ± 0.9 166.3 ± 29.9 51.3±11.6 3.3 ± 0.3 15.1 ± 5.3
AB HLn=3 49.9 ±4.6 26.0 ±7.3 295.9 ± 41.2 147.5 ± 40.7 2.3 ± 0.6 6.1 ± 1.1
ABH LLn=5 19.3±4.5 5.8 ± 1.8 178.3±15.2 45.4 ±5.1 4.2 ± 0.7 12.7 ± 3.9
ABH HLn=3 29.2 ± 4.9 21.8 ± 8.0 142.5 ± 53.7 78.4 ± 11.2 1.8 ± 0.7 5.8 ± 3.2
Green AB LLn=4 21.6 ± 6.6 10.4 ± 3.4 115.0 ± 27.9 54.3± 15.4 2.2 ±O.I 9.5 ± 4.6
AB HLn=3 43.6 ± 4.4 34.1 ±4.0 179.2 ± 52.9 1427 ±41.4 1.3 ± 0.2 4.0 ±0.9
ABH LLn =3 29.1 ± 9.0 11.1 ±6.1 149.2 ± 33.8 55.4 ± 26.5 3.3 ± 0.7 5.5 ± 0.8
ABH HLn= 3 38.7 ±1O.3 56.6 ±13.2 108.1 ±31.1 156.0 ±38.2 0.7 ±O.l 2.8 ± 0.1
point (IJ and the saturating irradiance (Ik) were low. These results are in agree-
ment with the responses observed in cultures of cyanobacteria grown under low
light. Both Baltic picoplankton strains showed a better photosynthetic effi-
ciency when grown at low light with ammonium as nitrogen source but Pmax
did not vary in a consistent way. Both the "Red" and "Green" strain of picocy-
anobacteria, were isolated from the same area of the Ballic Sea, and the most
notable difference between them was concerning with a higher efficiency and
lower le and Ik values showed by the "Red" strain acclimated at LL, that indi-
cates a better adaptation to low irradiance. On the contrary, the highest Pmax
recorded for the "Red" strain evidenced a higher productivity when compared
to the "Green" strain. In most cases, the Pmax:R ratios were lower than the
value of > 10 which have been reported for other cyanobacteria (Geider &
Osborn 1989).
The content in lipophilic pigments (Table II) shown by both strains in AB
evidenced a weak decrease of chlorophyll a (ChI) protein based content at HL
and a concomitant increase of carotenoids (Cds) to chlorophyll ratio. In ABH
the cOntent of both pigments was always higher than in AB medium, and in
Table II. Chlorophyll and carotenoids contents determined for the two picocyanobacteria
grown in nitrate (AB) or ammonium (ABH) containing medium
at 10 (LL) or 60 (HL) Ilmol photons m-2S-I. Values ± standard error.
Red ChlIProt CdsfProt Cds/Chi Green Chl/Prot CdsfProt Cds/Cbl
AB LLn = 2 0.033 ± 0.016 0.016 ±0.007 0.50 ± 0.023 LLn=4 0.032 ±0.002 0.017 ± 0.001 0.55 ±0.034
AB HLn=3 0.030 ± 0.002 0.Ql8 ±0.0002 0.57 ± 0.031 HLn=4 0.030 ±0.006 0.017 ± 0.002 0.59 ±0.031
ABH LLn=5 0.Q78 ± 0.Q25 0.022 ± 0.008 0.27 ± 0.016 LLn=6 0.142 ±0.017 0.051 ± 0.004 0.37 ± 0.020
ABH HLn=6 0.067 ± 0.012 0.055 ±0.008 0.92 ± 0.071 HLn=6 0.038 ±0.012 0.034 ± 0.011 0.90 ±0.046
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cells grown at HL the highest Cds to ChI ratio was observed. The "Green"
strain grown in this ammonium containing medium showed the most remark-
able increase of ChI concomitant to a high efficiency at LL.
The differences in photosynthetic response shown by both strains when
acclimated at high or low irradiance support the hypothesis of an acclimation
mechanism based on changing the size of the photosynthetic units (Falkowski
& La Roche, 1991). This is coherent with the variations determined in the ChI
content between LL and HL either in the "Red" or the "Green" strain, while
the carotenoids increase at HL evidenced the need of photoprotective pigments
to survive surface irradiances in the natural conditions. On the other hand, the
highest efficiency and productivity performed by the "Red" strain in our
experimental conditions could support the hypothesis that the red species can
be more abundant at higher depth, whereas the green type can occur predomi-
nantly in the surface layers. The photosynthetic characteristics of the Baltic
picocyanobacterial strains are, therefore, in agreement with such a distribution
in the water column (Stal et al., 1998). FinalIy, the greater photosynthetic
capacity shown by the Baltic strains when grown with ammonium as nitrogen
source is in agreement with the nutritional behaviour reported for other pico-
cyanobacteria in which the lower energy and low saturating irradiances
required for ammonium assimilation favour their successful competition in the
aquatic environment (Hyenstrand et al., 1998).
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Distribution of nitrogenase in the marine
non-heterocystous cyanobacterium
Trichodesmium: a review
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INTRODUCTION
Trichodesmium is a cyanobacterium which reaches high densities and
forms major surface "blooms" in tropical and subtropical waters (Capone et
al., 1997). Although restricted to open oceans with temperatures above 20°C,
Trichodesmium is probably quantitatively the most common cyanobacterium
globally and supports the pelagie zone of the oceans with considerable
amounts of "new" nitrogen (Carpenter & Romans 1991; Karl et al., 1997;
Capone et al., 1997).
As nitrogen fixation and oxygenic photosynthesis are incompatible pro-
cesses (the nitrogen-fixing enzyme nitrogenase is inactivated by oxygen)
nitrogenase protective strategies have evolved among cyanobacteria. Spatial
separation of the processes is a successful strategy used by heterocystous
cyanobacteria (e.g. Anabaena). In these cyanobacteria nitrogenase is parti-
tioned off into heterocysts, cells that occur, one at a time, along the filaments
(5-10% of the total cell number). Heterocysts offer microaerobiosis which is
achieved through formation of additional cell wall layers, high respiratory
activities and loss of oxygen production (via photosystem II). In most non-
heterocystous cyanobacteria a temporal separation of the two processes is
practised whereby nitrogen is only fixed in the dark while photosynthesis
occurs in the light (e.g. in Oscillatoria). However, the ambient oxygen ten-
sion of the atmosphere does not need to be reduced for fixation to occur.
Alternatively, oxygen has to be completely avoided as is the case in the
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cyanobacterium Plectonema (Bergman et al., 1996). Not only is an oxygen
free atmosphere required but also the absence of oxygenic photosynthesis. In
these filamentous non-heterocystous cyanobacteria, nitrogenase is present in aIl
cells (see Bergman et al., 1996).
Trichodesmium has for long been regarded as a peculiar exception among
non-heterocystous cyanobacteria as it fixes nitrogen in light and in highly
oxygenated waters, yet it does not differentiate heterocysts (Bergman et al.,
1996; Capone et al., 1997). In fact, fixation of nitrogen is light dependent and
maximal at mid day, while negligible at night or in the dark (Saino & Hattori,
1978; Capone et al., 1990; Carpenter et al., 1993; Zehr et al., 1993). It was
early suggested that the formation of colonies, a typical character of Tricho-
desmium, was involved in the protection of nitrogenase (see Carpenter &
Price, 1976). Central parts of the colonies, shaded by the surrounding tri-
chomes, were suggested to be sites for the nitrogenase.
NITROGEN FIXATION AND THE OCCURRENCE
OF NITROGENASE
Nitrogen fixation by Trichodesmium colonies was demonstrated by Dug-
dale and coworkers already in 1961. More than thirty years later molecular
and immunological analyses demonstrated the occurrence of nif genes (Zehr
& McReynolds, 1989; Sroga et al., 1996) and high levels of the nitrogenase
protein in Trichodesmium cells (Bergman & Carpenter, 1991). Further immu-
nocytochemical investigations demonstrated that colonies collected in day
time (including different Trichodesmium species, locations, seasons and
years) synthesised considerable amounts of nitrogenase (Fredriksson & Berg-
man, 1995). Concomitantly, three peculiarities in the location of the nitro-
genase in Trichodesmium was discovered. Firstly, nitrogenase occurred in
cells in any position within Trichodesmium colonies, not only in central areas
of the colonies, although in lesser abundance at the end of the colonies/trichomes
(Bergman & Carpenter, 1991; Fredriksson & Bergman, 1995). Secondly,
nitrogenase was restricted to comparatively few ceIls, not present in aIl cells
as in the other non-heterocystous genera examined so far using the same tech-
nique (Bergman & Carpenter, 1991; Bergman et al., 1993; Janson et al.,
1994; Fredriksson & Bergman, 1995). On average, 13-14% of the Trichodes-
mium cells contained nitrogenase at mid day, the period with maximal nitro-
gen-fixation rates (Saino & Hattori 1978), a percentage resembling that for
heterocyst frequencies (Fredriksson & Bergman, 1995). Thirdly, the nitro-
genase containing cells in Trichodesmium were clustered into groups in the
filaments (Janson et al., 1994; Fredriksson, Paer! & Bergman, unpub. data),
not spread individually along the trichomes as are heterocysts. A similar dis-
tribution of nitrogenase in Trichodesmium was recently verified using an
immunological technique developed for examination of intact Trichodesmium
trichomes (Lin et al., 1998). It is therefore proposed that the unusual distri-
bution of nitrogenase is a general feature of the genus Trichodesmium in
natural populations as weIl as in the cultured strain Trichodesmium IMS 101.
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Furthermore, it has been shown that the subset of centrany located "lighter"
cens seen in Trichodesmium contortum trichomes correlated positively with
the nitrogenase containing cens (Janson et al., 1994) and Fredriksson &
Bergman (1997) recently verified structural differences between cell regions
containing nitrogenase compared to those lacking the enzyme. The occur-
rence of regions of cells in Trichodesmium trichomes with a different "tex-
ture" has been commented upon in earlier studies (Carpenter & Price, 1976;
Li & Lee, 1990). A recent investigation on Trichodesmium in the Indian
Ocean also demonstrated that "lighter" zones occurred within the filaments of an
unknown species (Lugomela, Fredriksson, Semesi & Bergman, unpubl. data).
The eventual confinement of nitrogenase to such specific structurally modified
cell regions is presently being investigated using immunocytochemistry on a
number of Trichodesmium species.
PHOTOSYNTHESIS AND NITROGEN FIXAnON
Previous data suggested that cells with nitrogenase in Trichodesmium were
not photosynthetically competent. Stretches of consecutive1y arranged cens,
often located centrally in Trichodesmium filaments, were devoid of or had
reduced 14C02 incorporation (Carpenter & Price, 1976; Paerl, 1994). We now
have additional data suggesting that the proportion of cells with 14C label
(about 85% of the total cell population) closely match the population of cens
lacking nitrogenase, about 87% (Fredriksson, Paerl & Bergman, unpub. data)
and that these have a reduced 14C02 fixation (Lin et al., 1998). It may there-
fore be that Trichodesmium devotes certain cell regions with a reduced photo-
synthetic activity to nitrogen fixation while the remaining flanking regions
continue to be fully photosynthetically active, hence a spatial separation of
key processes may be practised. This strategy, together with the fact that cyto-
chrome oxidase levels are high in cells with nitrogenase may suggest respira-
tory protection as an additional mechanism in protecting the nitrogenase. As
in heterocysts (Fay, 1992), the levels of glutamine synthetase in Trichodes-
mium is higher in cells with nitrogenase and as mentioned above, they also
show structural modifications (Bergman et al., 1993; Carpenter et al., 1992;
Fredriksson & Bergman, 1997).
The nifKDH genes encoding nitrogenase are contiguously arranged in Tri-
chodesmium (Zehr et al., 1991; Sroga et al., 1996) as in other non-hetero-
cystous cyanobacteria (Bergman et al., 1996) which suggest that aIl cells in
Trichodesmium are competent to express nifgenes. As opposed to heterocysts
(Wolk et al., 1994), however, cells with nitrogenase in Trichodesmium divide
and retain nitrogenase in both daughter cells (Fredriksson & Bergman, 1997).
If not permanently differentiated, a new subset of cells may express nitroge-
nase, e.g. each morning when synthesis of nitrogenase re-commences (Fre-
driksson & Bergman, 1995). In the absence of morphologically distinct
oxygen-protection devises it is proposed that corner stones in oxygen protec-
tion in Trichodesmium are impairment in oxygenic photosynthetesis and
induced respiratory activities. A further characterisation of the nitrogenase
containing cells is now required.
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Cyanobacteria classified as non-heterocystous are by definition not capa-
ble of ceU differentiation and hence the genus Trichodesmium may not belong
to this category, i.e. section III cyanobacteria sensu Rippka et al., (1979). On
the other hand, the ceUs with nitrogenase are by definition not heterocysts and
the genus should therefore neither be classified as section IV cyanobacteria.
Whether a revision of the classification of the genus is needed remains to be
examined.
ACKNOWLEDGEMENTS
The financial support from the Swedish Natural Science Research Council,
The Swedish Foundation for International Cooperation in Research and
Higher Education and The C. Trygger's Foundation is gratefuUy acknow-
ledged.
REFERENCES
BERGMAN B., CARPENTER E.J., 1991. - Nitrogenase confined to random1y distrib-
uted trichomes in the marine cyanobacterium Trichodesmium.- J. Phycol., 27,
158-165.
BERGMAN B., SIDDIQUI PJ.A., CARPENTER EJ., PESCHEK G.A., 1993. - Cytochrome
oxidase: subcellu1ar distribution and re1ationship to nitrogenase expression in the
nonheterocystous marine cyanobacterium Trichodesmium thiebautii. - Appl.
Environ. Microbiol., 59, 3239-3244.
BERGMAN B., GALLON J.R., RAI A.N., STAL L.J., 1996. - N2 fixation by non-hetero-
cystous cyanobacteria. - FEMS Microbiol. Rev., 19, 139-185.
CAPONE D.G., O'NEIL J.M., ZEHR J., CARPENTER EJ., 1990. - Basis for die1 varia-
tion in nitrogenase activity in the marine p1anktonic cyanobacterium Trichodes-
mium thiebautii. -Appl. Environ. Microbiol., 56, 3532-3536.
CAPONE D.G., ZEHR lP., PAERL H.W., BERGMAN B., CARPENTER E.J., 1997. - The
cyanobacterium Trichodesmium: A biochemica1 and eco1ogica1 enigma of the open
ocean. -Science, 276,1221-1229.
CARPENTER E.J., PRICE e., 1976. - Marine Oscillatoria (Trichodesmium): explana-
tion for aerobic nitrogen fixation without heterocysts. - Science, 191, 1278-1280.
CARPENTER EJ., ROMANS K, 1991. - Major ro1e of the cyanobacterium Trichode-
smium in nutrient cycling in the North Atlantic Ocean. - Science, 254, 1356-
1358.
CARPENTER EJ., BERGMAN B., DAWSON R., SIDDIQUI PJ.A., SÙDERBÀCK E., CAPONE
D.G., 1992. - Glutamine synthetase and nitrogen cycling in colonies ofthe diazo-
trophic cyanobacteria Trichodesmium spp. -Appl. Environ. Microbiol., 58, 3122-
3129.
CARPENTER EJ., O'NEIL J.M., DAWSON R., CAPONE D.G., SIDDIQUI P.J.A., ROEN-
NEBERG T., BERGMAN B., 1993. - The tropical diazotrophic phytop1ankter
Trichodesmium: bio1ogica1 characteristics of two common species. - Marine
Ecol. Prog. Rep., 95, 295-304.
DUGDALE R.e., MENZEL D.W., RYTHER J.A., 1961. - Nitrogen fixation in the
Sargasso Sea. - Deep-Sea Res., 7,297-300.
226 Bullelin de l'Inslilut océanographique, Monaco, n° spécial 19 (1999)
DISTRIBUTION OF NITROGENASE IN TRICHODESMlUM: A REVIEW
FAY P., 1992. - Oxygen relations of nitrogen fixation in cyanobacteria. - Micro-
biol. Rev., 56, 340-373.
FREDRIKSSON c., BERGMAN B., 1995. - Nitrogenase quantity varies in a subset of
cells within colonies of the non-heterocystous cyanobacterium Trichodesmium
spp. -Microbiology, 141,2471-2478.
FREDRIKSSON c., BERGMAN B., 1997. - Ultrastructural characterisation of cells
specialised for nitrogen fixation in a non-heterocystous cyanobacterium,
Trichodesmium spp. - Protoplasma, 197, 76-85.
JANSON S., CARPENTER EJ., BERGMAN B., 1994. - Compartmentalisation of nitroge-
nase in a non-heterocystous cyanobacterium: Trichodesmium contortum. - FEMS
Microbiol. Leu., 118, 9-14.
KARL D., LETELlER R., TUPAS L., DORE 1., CHRISTIAN 1., HEBEL D., 1997. - The role
of nitrogen fixation in biogeochemical cycling in the subtropical North Pacifie
Ocean. - Nature, 388, 533-538.
Li C.W., LEE M., 1990. - Cellular differentiation in the trichome Trichodesmium
thiebautU (Cyanophyta). - Bot. Mar., 33, 347-353.
LIN S., HENZE S., LUNDGREN P., BERGMAN B., CARPENTER EJ., 1998. - Whole-cell
immunolocalization of nitrogenase in marine diazotrophic cyanobacteria,
Trichodesmium spp. - Appl. Environ. Microbiol., 64, 3052-3058.
PAERL H.W., 1994. - Spatial segregation of CO2 fixation in Trichodesmium spp.:
linkage to N2 fixation potential. - 1. Phycol., 30, 790-799.
RipPKA R., DERUELLES J., WATERBURY J.B., HERDMAN M., STANIER R.Y., 1979. -
Generic assignments, strain histories and properties of pure cultures of cyanobac-
teria. -J. Gen. Microbiol., 111, 1-61.
SAINO T., HATIOR! A., 1978. - Diel variation in nitrogen fixation by a marine blue-
green alga, Trichodesmium thiebautii. - Deep-Sea Res., 25, 1259-1263.
SROGA G.E., LANDEGREN U., BERGMAN B., LAGERSTRëJM-FERMÉR M., 1996. -
Isolation of nifH and part of nifD by modified capture polymerase chain reaction
from a natural population of the marine cyanobacterium Trichodesmium sp. -
FEMS Microbiol. Let., 136, 137-145.
WOLK c.P., ERNST A., ELHAI J., 1994. - Heterocyst metabolism and development.
- ln: Bryant D.A. (ed.), The molecular Biology of Cyanobacteria, Kluwer
Academie Publ., Dordrecht, The Netherlands, ISBN 0-7923-3222-9/3, 769-823.
ZEHR J.P., McREYNOLDS L.A., 1989. - Use of degenerate oligonucleotides for
amplification of the nifH gene from the marine cyanobacterium Trichodesmium
thiebautii. - Appl. Environm. Microbiol., 55, 2522-2526.
ZEHR J.P., OHKI K., FUJITA Y., 1991. - Arrangements of nitrogenase structural genes
in an aerobic filamentous nonheterocystous cyanobacterium. - J. Bact., 173,
7055-7058.
ZEHR J.P., WYMAN M., MILLER V., DUGUAY L., CAPON D.G., 1993. - Modification
of the iron protein of nitrogenase in natural populations of Trichodesmium thiebau-
tU. -Appl. Environ. Microbiol., 59, 669-676.
Bulletin de l'Instilut océanographique, Monaco, nO spécial 19 (1999) 227

The peculiarities of bioenergetics coupling in
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In the 1980s ail processes of energy transduction in cyanobacteria were
described within the frame of the Mitchellian chemiosmotic conception.
Transmembrane electrochemical potential of H+ (.:1 J.1H+) in particular, gener-
ated at this site, supports ATP synthesis as weil as ion transport against their
concentration gradient. The weil known comprehensive scheme of membrane
bioenergetics functions in a typical cyanobacterial cell as proposed by
Peschek (1996) suggesting the leading role of H+ translocating respiration-
dependent pumps and the electroneutral Na+/H+ antiporter to keep intracellu-
lar pH and Na+ homeostasis under "fresh-water" conditions.
However, the cyanobacteria occur very often under alkaline conditions
connected with COz exhaustion from the environmental medium or with its
saturation by alkaline and alkaline earth metals. Evidently, H+ can not func-
tion effectively as a coupling ion under alkaline conditions.
Concerning the idea about the sodium cycle in bioenergetics coupling
(Skulachev, 1994) it was postulated that the alternative coupling ion(s) for
photosynthesis energy transduction should exist. Investigations carried out by
our group in co-operation with the group of Prof. V. Skulachev (Moscow)
suggest that sorne halo - and alkalotolerant cyanobacteria possess primary
electrogenic Na+ - pumps in the cytoplasmic membrane using the light
energy for generation of.:1 J.lNa+ (Brown et al., 1990a, b).
Na+ coupling cycle activity is induced by environmental conditions: low
.:1 J.lH+, high concentration of extracellular sodium, addition of a protonopho-
rous uncoupler. The Na+ cycle represents protective biochemical adaptation
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in cyanobacteria cell to several damages because this cycle keeps the intracel-
lular pH below environmental pH and also increases cyanobacterial resist-
ance to poUutants having an uncoupling action, for example.
The mechanism of energetics coupling in alkalophilic bacteria is a subject
of regular discussion between adherents of local chemiosmosis and their
opponents (Skulachev, 1992). The role of a sodium coupling cycle for the
light-induced movement of alkalophilic cyanonobacteria has not yet been
investigated, though such investigations could also verify the energy trans-
duction mechanisms in these extremophiles.
Studies of light-induced movement of the alkalophilic cyanobacterium
Spirulina platensis has shown that the maximum rate of movement of S. plat-
ensis trichomes was observed when the medium pH was between 10 and 12
and the Na+ content was not less than 0.01 M. That is why aU further observa-
tions here, are reported for pH > 10.
Maximum resistance of S. platensis trichome movement to the proto-
nophorous uncoupler CCCP (carbonyl cyanid m-chlorophenylhydrozone)
(0.5 mM) was observed at 0.15 M of Na+ (data not shown). A lO-fold lower
CCCP concentration completely arrested the movement of S. platensis tri-
chomes if the medium was supplemented with 20 /-lM of monensin (Fig. 1,
right column). Added without CCCP, monensin decreased the motility only
partially - up to 30% (Fig. 1, second column). One may suggest that S. pla-
tensis has a primary Na+ pump in the cytoplasmic membrane energised,
directly or indirectly, by the light. This might be the Na+-transporting photo-
synthetic redox chain. It seems noteworthy that ail the above experiments
were performed at alkaline pH (> 10), i.e. under conditions when pH gradient
is favourable for the Na+ influx rather than efflux.
It was concluded that Na+ rather than H+ drives the light-induced gliding
movement of the extreme alkalophilic cyanobacterium S. platensis. On the
other hand, above-mentioned data are in sorne contradiction with the idea
about the existence of electrogenic Na+/H+ exchange in alkalophilic cyano-
bacteria (Buck & Smith, 1995).
It is known that there are unusual ecological niches where Ca2+dominates
over Na+ (Schultze-Lam & Beveridge, 1994).
Hence, the Ca2+-saturated ecological niches restricting the generation of
effective levels of ~ /-lH+ or ~ /-lNa+ appear on the bioenergetics scene. That is
why the idea that Ca2+can play the coupling cation role has been proposed by
Brown (1994). In this hypothesis, low ~ /-lH+ and ~ /-lNa+ induce the electro-
genic transport of calcium against its concentration gradient mediated, proba-
bly, by a primary electrogenic Ca2+ pump. This pump could: 1) eliminate
Ca2+ excess from the cytoplasm; 2) generate ~ /-lCa2+. Ca2+ transmembrane
electrochemical potential could be used, in particular, for energization of
cyanobacterial movement. So, the discovery of ~ /-lCa2+-energised movement
of cyanobacteria could substantiate this hypothesis.
Trichomes of cyanobacterium Phormidium uncinatum were used for an
investigation of the ~ /-lCa2+ role in cyanobacterial movement.
It was found that increasing Ca2+ concentration up to 20 mM definitely
enhanced the rate of the movement of P. uncinatum trichomes, which were
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Figure 1. Additive effect of CCCP (carbonyl cyanid m-chlorophenylhydrozone) and
monensin on SpiruLina pLalensis trichomes movement (Na+ concentration lOO mM,
pH -10.2).
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Figure 2. The pH dependence of the rate of P IlnCinalUm movement from media
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consequently. l-pH about 7.0; 2-pH about 9.5.
cultivated in alkaline medium. The investigation of pH influence on the rate
of P uncinatum trichomes movement showed similar levels of trichomes
movement when cyanobacterial cells were incubated into media of different
cation composition with pH about 7.0 (data not shown). On the other hand,
the incubation of trichomes into alkaline media produced the highest rate of
the movement of P uncinatum trichomes with 50 mM of Ca2+ (Fig. 2). This
result coincides well with our supposition that Ca2+ may play a significant
role for the adaptation of cyanobacteria to alkaline environments.
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It was found that the maximum resistance of P uncÎnatum trichomes
movement to protonophorous uncoupler CCCP (see Appendix) was observed
when 50 mM CaC\2 were added (Fig. 3, second column). It is seen that high
concentrations of CaCI 2 desensitize movement at moderate protonophorous
uncoupler CCCP concentrations. The same concentration of CCCP com-
pletely arrested the movement of P uncÎnatum trichomes, if the medium was
supplemented with 20 llM of calcium ionophore A 23187 (Fig.3, right col-
umn). Added without CCCP, calcium ionophore had no effect on the tri-
chome's movement (Fig. 3, third column).
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Figure 3. The action of protonophorous uncoupJer CCC? and calcimycin A23 J87
on the motility of P uncinatum trichomes, incubated in 50 mM CaCI2, pH - 9.5.
One may suggest that Ca2+, similar to Na+, has energy-coupling proper1y.
The same relationships between the action of a metal cation, the concentra-
tion of OH-, protonophorous uncoupler and Me/+Ifl+ exchanger on the
cyanobacterial motility were described earlier at the investigation of the role
of ~ llNa+ for energization of the movement of marine cyanobacterium,
OscillatorÎa brevÎS, possessing a primary sodium pump (Brown et al.,
1990b).
The obtained data are consistent with our assumption that cyanobacteria
generate ~ llCa2+ rather than ~ llH+ or ~ llNa+ under alkaline conditions
accompanied by a sharp deficit of free sodium. Such an assumption ex plains
why 1) Ca2+ stimulates the movement rate of cyanobacterial trichomes incu-
bated in alkaline medium and 2) desensitizes P uncinatum to protonophore.
In this case, a protonophore may facilitate the electrogenic H+ influx into the
cell and, hence, induce transduction of Ca2+ pump-produced ~ \f' 10 ~ pCa2+.
In agreement with this suggestion, Ca2+ ionophore A23187 (calcimycin)
(Pressman, 1976) discharging ~ pCa2+, was found to sensitize P unCÎnatum to
protonophore and to initiate trichome paralysis.
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Thus, the impression that a majority of cations, excepting potassium cation,
are able to act as coupling ion(s) if their concentration is not incompatible
with life, is built up. The assumption that electrogenic ion pumps diminishing
cytosolic concentrations of the corresponding ions allows two additional
inferences. First, the "sanitary" (or detoxicating) function of eIectrogenic ion
pumps might be phylogenetically more ancient. Second, the main roIe of
plasmalemmal proton pumps of bacteria could be in decreasing the intraceIlu-
lar concentration of H+, and it would appear that the generation of .1IlH+ is
merely an "attendant" process.
APPENDIX
Although the cytoplasmic membrane of bacterium is practically impermea-
ble to ions, there are chemicals called ionophore, which make the membrane
permeable to ions. These chemicals are used to abolish the gradient of the ion,
to observe ifs effect on the translocation of other ions, or to dissipate mem-
brane potentials. For the present investigation, the following ionophores were
used . The protonophorous uncoupler (H+ conductor) CCCP (carbonyl cyanide
m-chlorophenylhydrazone) makes the H+ permeable across the membrane.
Monensin, Na+lH+ exchanger, collapses the gradient of sodium by exchanging
sodium with a proton. Calcium ionophore (calcimycin) A23187 can collapse
the calcium gradient by the same mechanism. It was found that .1IlNa+ can be
dissipated by the cocktail of CCCP and monensin (Skulachev, 1992).
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ABSTRACT
Marine cyanobacteria have had the attention of botanists and microbio-
logists for weIl over a century, and their potential to grow in sorne nutrient
poor environments, possibly through N2 fixation, had been recognized. How-
ever, it was not until the early 1960s that studies directly demonstrated and
quantified N2 fixation by these organisms, and began to place their contribu-
tion to N cycling in a broader ecological context. N2 fixing cyanobacteria
have been identified in diverse marine habitats including salt marshes, rocky
shores, estuaries, coral reefs, mangroves and in the oligotrophic open ocean.
Genera involved in this process in the sea are representative of the full diversity
of diazotrophic cyanobacteria including unicellular, filamentous and hetero-
cystous filamentous forms.
Cyanobacteria of the nitrogen-limited open ocean have been a particular
focus of study. The first marine cyanobacteria directly shown to fix N2 was
Trichodesmium, a planktonic non-heterocystous form. Trichodesmium, which
is broadly distributed through the tropical and sub-tropical open ocean, can
form massive blooms on the sea surface. Research through the 1970s indi-
cated that it was likely of only regional significance in the marine N cycle.
However, more recent results suggest strongly its quantitative role in supply-
ing N to the upper water column of the world's oligotrophic seas may be
much greater than previously thought. Furthermore, it has been proposed that
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marine Nz fixation by this venerable organism may vary substantially over
paleoecological time scales, and this variation may directly affect overall oceanic
productivity.
The new generation of ocean color satellites should greatly enhance our
ability to quantitatively describe the distributions of Trichodesmium popula-
tions over broad temporal and spatial scales, particularly with respect to
bloom formation. Other cyanobacteria, such as the endosymbiont, Richelia
intracellularis, may also provide important N inputs in the open ocean and
need to be more closely examined.
INTRODUCTION
The study of marine Nz fixation and of marine cyanobacteria has been inti-
mately connected over many decades. As the general features of the N cycle
were becoming known, K. Brandt (1899 as quoted in Mills, 1989) considered
Nz fixation in the oceans, following its discovery as a bacterial process in ter-
restrial soils. He speculated that while Nz fixation predominated on land, the
seas were likely sites of denitrification balancing the terrestrial N input. In the
1940s, Redfield (1958), accepting Hutchinson's (1944) view on the role of Nz
fixers in lakes, ventured that phosphorus was likely the primary limiting
nutrient in the sea, as shortages of combined N couId be made up by marine
diazotrophs (i.e. Nz fixers).
Direct work on marine Nz fixers began in the early 1900s. Speculation that
cyanobacteria couId fix Nz dates back to before the turn of the century
(Schramm, 1914). Marine Nz fixing bacteria were first reported by Benecke
& Keunter (1903), (see Waksman et al., 1933 for summary of early work),
while putatively Nz fixing cyanobacteria were isolated by Drewes (1928) and
Allison et al. (1930). The capacity of heterocystous cyanobacteria to fix
atmospheric Nz was first documented in the 1940s (De, 1939; Fogg, 1942;
Burris & Wilson, 1946). A wide variety of marine Nz fixing cyanobacteria
have been identified and/or isolated (Sournia, 1970; Rippka & Waterbury,
1977, Rippka et al., 1979; Capone, 1988; Paer!, 1990) (see Paerl, this vol-
ume).
HABITATS
Early work on the ecology of Nz fixation was qualitative and depended
largely upon isolation and growth of putative Nz fixers on N-free media (see
Rippka et al., 1979). This approach had serious limitations as a definitive
measure of Nz fixation and, moreover, in the interpretation of the ecological
or biogeochemical role of marine cyanobacteria. Definitive identification of
Nz fixing isolates and quantitative ecological studies awaited development of
new approaches. Following the pioneering work of Burris & Miller (1941)
with 15N isotopic tracers to study Nz fixation in terrestrial systems, Dugdale et
al. (1961) made the first direct measurements of Nz fixation by a marine
planktonic cyanobacterium, Trichodesmium, using 15Nz gas. Ironically,
because it is a non-heterocystous cyanobacterium, reports of its ability to fix
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N2 were met with skepticism (e.g. Fogg, 1978; Stewart, 1975). Soon after the
initial observation of Trichodesmium N2 fixation, Stewart (1965, 1967)
reported on a series of studies of 15N2 fixation by the benthic cyanobacterium,
Calothrix scopulorum.
The introduction of a simple field assay for N2 fixation, the acetylene
reduction method (Stewart et al., 1967; Hardy et al., 1968), led to an explo-
sion in marine studies. Cyanobacterial N2 fixation was rapidly identified as an
active process in the open ocean (Carpenter; 1983a), coral reefs, salt marshes,
seagrasses, estuaries and mangroves (among others see reviews by Capone,
1983, 1988; Howarth et al., 1988; Paerl, 1990; Paerl, this volume). Cyano-
bacterial diazotrophs have been identified in the plankton and in benthic mats,
as epiphytes and as endoliths, and in symbiotic association with a variety of
organisms. Much of the literature on nearshore and benthic cyanobacterial
associations has been recently reviewed (see above), and we will primarily
focus on oceanic systems for the remainder of this overview.
PLANKTONIC CYANOBACTERIAL N2 FIXERS
Perhaps the most intriguing marine N2 fixers, and possibly the most quan-
titatively important in terms of oceanic N input, are the planktonic species of
Trichodesmium. Close relatives of the Oscillatoria (Wilmotte et al., 1994),
these non-heterocystous fonus are unique in their ability to fix N2 while
actively photosynthesizing (Gallon, 1996; Capone et al., 1997; Bergman, this
volume; Paerl, this volume). While Trichodesmium is the most conspicuous
of the pelagie N2 fixers, other potential diazotrophs have been observed in the
plankton, including heterocystous forms, albeit at relatively low concentra-
tions (Fig. 1) (e.g. Wille, 1904; Sournia, 1970). The endosymbiotic, hetero-
cystous cyanobacterium, Richelia intracellularis, is found in association with
a number of pelagie diatoms and other symbioses may exist and other cyano-
bacterial N2 fixers are suspected.
Free-living forms
There has been a relatively lengthy history of research on pelagie cyano-
bacteria, largely focused on Trichodesmium. Trichodesmium erythraeum was
first described by Ehrenberg (1830) who collected it from blooms in the Red
Sea during the winter of 1823. The blooms were described as being blood red
in color, and Ehrenberg speculated that the organism was responsible for the
name given for the Red Sea. Later, while on a croise through the Red Sea in
July 1843, Montagne (1844) observed a continuous brick-red bloom caused
by Trichodesmium on the surface of the Red Sea which was encountered over
a linear distance of about 250 nautical miles.
Quantitative research on the distribution of this genus began in the later
part of the XIXth century with the German Humbolt expedition led by Victor
Hensen. On this cruise, Wille (1904) observed four species of Trichodesmium
in the open Atlantic Ocean, as weIl as two species of Katagnymene, another
non-heterocystous filamentous form (Fig. 1). The other cyanobacteria shown
in Fig. 1 were primarily observed in coastal waters. Wille's samples were
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Figure 1. (From Wille, 1904.) Dermocarpa leibleiniae 1-2, Aphanocapsa liltoralis
3-5, Rivularia a/ra 6, Katagnymene pelagica 7, Katagnymene spiralis 8-9, Trichode-
smium contor/um 10-11, Trichodesmium /hiebau/ii 12-22, Trichodesmium tenue 24-
27, Trichodesmium ery/hraeum 28-35, Ulothrix 36-37, Leptothrix 38-40. In 38,
Wille shows Lepto/hrix which have "grown or crept" beneath a sheath attached to
Trichodesmium con/ortum. See color plates at the end of the volume.
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Figure 2. Cruise track of the Humbolt Expedition in 1889. The relative abundance of
Trichodesmium and Katagnymene corresponds to the height of the ordinates a!ong
the line of trave! (see box in figure). See color plates at the end of the volume.
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taken with a plankton net which was lowered to 200 m and then hauled back
to the surface. Thus the distribution in Fig. 2 indicates relative, rather than
quantitative abundances. Relatively high concentrations were observed on the
return leg from the Amazon River mouth, particularly between about 2°N and
25°N. The wavy lines on the outgoing and incoming legs indicate the point at
which few trichomes were observed.
Research by Karsten (1907) indicated high concentrations of both Tri-
chodesmium and Katagnymene species in the Arabian Sea and central Indian
Ocean on the Valdivia Expedition. The next significant study of Trichodes-
mium distributions in the Atlantic Ocean were made by Lohmann (1920) on
the Deutschland Expedition of 1911. This cruise involved collection of phyto-
plankton in water sampling bottles in vertical casts taken at regular intervals
on a transect from the North to the South Atlantic (Fig. 3). Water bottle con-
tents were concentrated with a centrifuge, then counted with a microscope.
Since most of the trichomes of Trichodesmium would have been buoyant
from their gas vesicles, it is probable that the centrifugation concentration
underestimated the Trichodesmium (see below). However, it is notable from
Fig. 4, that the areas of highest concentration of Trichodesmium were similar
to that observed by Wille (1904) with highest concentrations in the tropical
Atlantic, particularly between about 3°N and 38°N. From these data, in the
zone west of the Canary Islands and south to St. Paul's Rocks (16 June-
19 July) a mean Trichodesmium concentration for the surface can be calcu-
lated at 1057 cells/L. At 50 m it averaged 274 cells, at 100 m: 41, and at 200 m:
37 cells. If each trichome had 80 cells, then the average trichome concentra-
tion in surface waters was only 13 trichomes/L.
These pioneering studies, with their limitations, nonetheless established
the cosmopolitan distribution of Trichodesmium throughout the marine tropics
and sub-tropics of 2 of the 3 major oceanic basins. Many subsequent studies,
which have tended to be more geographically restricted than these classical
voyages, have filled in this picture by providing information for the tropical
Pacifie, Caribbean, Gulf of Mexico and other areas as weIl and have been
summarized (Carpenter, 1983a; Capone et al., 1997).
Katagnymene is a free-living form which, as mentioned above, has been
described in the plankton and which is potentially diazotrophic. On a cruise
in the southwestern Pacifie Ocean on the RJV R. Revelle in the spring of
1997, it was shown for the first time that Katagnymene is capable ofN2 fixa-
tion (J. ü'Neil & P. Lundgren, pers. comm.). Heterocystous forms such as
Nostoc and Anabaena are also occasionaIly observed in the plankton (e.g.
Bernard & Lecal, 1960; Sournia, 1970; Carpenter, pers. observ.) but little
information exists on their distribution.
The dense populations of coccoid cyanobacteria often found in the
euphotic zone of many open ocean areas (Johnson & Sieburth, 1979; Iturriaga
& Mitchell, 1986), along with the recognition that many coccoid forms such
as Gloeotheceae and Cyanotheceae spp. are diazotrophic (see Paer! this
volume), has led to speculation that this biota may also contribute to marine
N2 fixation (Zehr, 1994). A diazotrophic coccoid marine cyanobacterium has
been brought into culture (Waterbury et al., 1988). Recently, sequences from
the nitrogenase structural gene, nifH, closely related to Group 1 and II cyano-
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Figure 3. Cruise track of the Deutschland expedition of 191 1. Sampling proceeded
from 14 April to 4 September, 1911.
bacteria have been obtained from picoplankton samples from both the oligo-
trophic Atlantic and Pacific Oceans (Zehr et al.. 1998). Thus, the possibility
remains open that cyanobacteria other than Trichodesmium may contribute to
new N inputs in the ocean.
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Figure 4, Abundance of ail species of Trichodesmium between surface and 400 m as ceIls per
liter. Lohmann (1920) noted that each trichome averaged about 80 ceIls in length.
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Pelagie Endosymbionts
While diazotrophic endosymbionts have long been recognized to exist in
the pelagie tropical marine environment, it has only recently been shown that
they have the potential to make quantitatively important contributions of N to
the upper ocean. Richelia intracellularis has been identified as an endosym-
biont in a variety of diatoms including species of Rhizosolenia, Hemiaulus
and Chaetocereros (Sournia, 1970). Venrick (1974) undertook sorne of the
first quantitative studies, focussing primarily on the Rhichelial Rhizosolenia
associations. As a heterocystous cyanobacterium, it was presumed that Rich-
elia was diazotrophic and contributed to the association by supplying N from
N2 (Venrick, 1974). Mague et al. (1974, 1977) provided the first direct evi-
dence to substantiate this inference, while Villareal (1990) has confirmed N2
fixation in cultures of the association. Interestingly, Hemiaulus hauckii was
reported in both the studies of Venrick and Mague et al., but was not impli-
cated as having the endosymbiont - possibly because of lack of epifluorescence
microscopy at that time and the difficulty in observing the endosymbiont in
this association by light microscopy. Subsequent work by Villareal (1994)
reported widespread occurrence of Richelia-Hemiaulus symbiosis in the
tropical Atlantic, generally exceeding the density of Richelia-Rhizosolenia.
The Richelia-Hemiaulus symbiosis has also recently been shown to be diazo-
trophic (Villareal, 1991), and can be of considerable quantitative importance
in N input by N2 fixation during blooms. A bloom of Richelia in Hemiaulus
hauckii was observed in the SW North Atlantic in autumn 1996 (Carpenter et
al., submitted). This bloom covered a linear distance of 2300 km and added
an average of 23 mg N m-2 d- I via N2 fixation. Blooms such as this may be
more common than previously assumed and could add significant N to the
euphotic zone of the tropics.
CONTROLS ON OCEANIC N2 FIXATION
Substantial research has been conducted in order to identify the major fac-
tors affecting and controlling marine N2 fixation (Carpenter, 1983b; Capone
et al., 1997), and Paerl (this volume) summarizes much of this literature.
Physical (e.g. turbulence, light), chemical (e.g. P, Fe, combined N availabil-
ity) and biotic (e.g. grazing, life history) factors can ail contribute to the dis-
tributions of Trichodesmium in the environment and to the extent of
Trichodesmium's contribution to new production.
Iron can be a key factor constraining Trichodesmium growth and N2 fixa-
tion (Rueter et al., 1992; Paerl et al., 1994). Falkowski (1997) has recently
argued that oceanic N2 fixation is regulated over paleoecological (i.e. glacial-
interglacial) time scales by Fe input to the seas and that the balance of N2
fixation and denitrification over such periods has a direct effect on the extent
of export production from the upper ocean which, in turn, can affect atmo-
spheric CO2 content. Zehr & Capone (1995) have speculated on possible ways
to directly examine paleoecological trends in populations of diazotrophic
oceanic cyanobacteria.
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Confirming the roIe of Fe in controlling oceanic Nz fixation is thus of sub-
stantial importance in fully understanding this element's relevance to the cur-
rent and past oceans and, moreover, in attempting to predict changes in
oceanic Nz fixation in the future (for instance during periods of acceIerated
global warming).
QUANTITATIVE ESTIMATES OF MARINE N2 FIXATION
The first attempt to estimate global N z fixation we are aware of was made
by Hutchinson (1944), who, with aplomb, scaIed results from 3 studies (an
agricultural, lake and river study) of Nz fixation over the terrestrial sphere and
made the conservative assumption that (primarily because of lack of data)
there is little Nzfixation in the sea. His estimate translates to 17 to 87 Tg N year-1
Table 1. Estimates of marine and global N2 fixation in Tg/year.
'"
ca
'" 'c:~ 'Sil Total .... TotalSource cc ri> Abiol
=
..
.. .. Marine .. Global
=:l Q., ..~
Hutchinson (1944) 17-87
Delwiche (1970) 10 13.6 44 34 92
Burns & Hardy (1975) 40 135 30 205
Soderlund & Svensson (1976) 10 20-120 30-130 139 55 224-324
McElroy (1976) 10 170 90 270
Delwiche & Likens (1977) 30 90 65 185
Paul (1978) 2 36
Delwiche (1981) ?? 154 56
Fogg (1982) 15
Soderlund & Rosswall (1982) 30 140 20-90 190-260
Capone & Carpenter (1982) 15 4.7 20
Carpenter & Capone (1992) 10 25
Galloway et al. (1995) Pre-indus. (40-200) a 90-130 3 133-333
Galloway et al. (1995) Post-indus. (40-200) a 133-173 82-(134) 255-507
Gruber & Sarmiento (1997) 110 125
Capone & Carpenter (this report) 15 65 80
a Based on the data from Carpenter & Romans (1991).
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(1 Tg = 1012 g) fixed globally (Table 1). Information on rates of N2 fixation in
diverse ecosystems, including marine systems, was essentially non-existent at
that time. Delwiche (1970) estimated a total global input by N2 fixation (bio-
logical and abiological) of 92 Tg N year- 1 with marine N2 fixation accounting
for 10 Tg year- 1 (Table 1). He speculated that the marine value could be off
by a factor of 10. Soderlund & Svensson (1976) made a relatively compre-
hensive analysis, given the information at the time, of global N2 fixation.
They partitioned input among various terrestrial and marine biomes, and esti-
mated marine N2 fixation to be in the range of 30 to 130 Tg year- 1. Subse-
quent analyses by Paul (1978), Fogg (1982), and Soderlund & Rosswall
(1982) tended towards the lower end of the range given by Soderlund &
Svensson (1976).
In 1982, Capone & Carpenter (1982) compiled and synthesized the rapidly
accumulating information on N2 fixation in various marine habitats. The esti-
mate for oceanic N2 fixation, detailed by Carpenter (l983a), was about 5 Tg
N. Carpenter had develgp~ global maps of Trichodesmium concentration, by
season, based on the body of existing studies of Trichodesmium population
abundance, including several of those conducted near the tum of the century
(see above). He derived his global estimate of N2 fixation by integrating bio-
mass over depth for each season by assuming a uniform concentration over
the top 20 m with a linear decrease to 50 m, and applying a cell specifie rate
of N2 fixation. He did not provide an estimate for bloom specifie input. Car-
penter & Capone (1992) subsequently attempted to calculate a global input
due to blooms, and thereby doubled their previous estimate for pelagie N2 fix-
ation to 10 Tg year- 1. This estimate was stilliargely consistent with the sev-
eral earlier exercises.
Most recently, Carpenter & Romans (1991) derived a very large areal rate
of Trichodesmium N2 fixation (10 to 50 mg N m-2 d- 1) using estimates of
colony density from several strictly tropical studies in the Atlantic (1000 to
5000 colonies m-3), assuming a uniform population to 50 m, a strict depen-
dence for N by N2 fixation, a doubling time of 10 days and an N content of
2 ~g NI colony. Concems have been raised about sorne of the assumptions in
this extrapolation (e.g. Lipschultz & Owens, 1996). However, several reports
have provided independent evidence of a much larger value for the marine N2
fixation terme (Capone et al., 1977). Work in the western tropical Pacifie
(Wada & Hattori, 1976; Saino & Hattori, 1980a) and more recently in the
tropical North Atlantic (Carpenter et al., 1997) have found relatively light
1)15N in surface POM in aeras inhabited by Trichodesmium, evidence of its
direct contribution to new N input in these waters.
Several recent N budgeting exercises have indicated large unknown inputs
(assumed to be N2 fixation) in order to close their budgets. Somasundar et al.
(1990) found a large deficit in N for their budget of the Arabian Sea because
ofthe substantial removal ofN by denitrification. They suggested that sorne
of this deficit is likely made up by N2 fixation by Trichodesmium, which
occurs, at times, in high densities in this basin. Similarly, Fumas (1992)
invoked N2 fixation by Trichodesmium to balance N budgets for 2 segments
of the eastem Australian shelf along the Great Barrier Reef.
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Karl et al. (1992), in attempting to mass balance N in the upper water
column of the Hawaiian Ocean Times (HOT) Series station conc1uded that N2
fixation must supply a large fraction of the new N at that site. Subsequent
research (Karl et al., 1995; Karl et al., 1997) has provided direct evidence to
support this contention.
Michaels et al. (1996), in developing a N budget for the North Atlantic,
conc1uded that there had to be an intrinsic input of about 50 to 75 Tg N year- I
in this system. More recently, Gruber & Sarmiento (1997) have extended the
geochemical approach taken by Michaels et al. (1996) based on N regenera-
tion anomalies relative to P (termed N*), and have estimated global marine
N2 fixation to be about 110 Tg year- I (Table 1). However, the derivation of
this estimate for N2 fixation from N* depended on the assumption that N2
fixers have an N:P ratio of 125 (derived from a report of surface particulate
N:P after a Trichodesmium bloom by Karl et al., 1992). This is much greater
than canonical Redfield values (i.e. 16) and other reported values for Tri-
chodesmium are much c10ser to Redfield (e.g. Mague et al., 1977). As N:P
values approach 16:1, values of N2 fixation derived from N* become
extremely large.
In retrospect, earlier global N2 fixation estimates partially based on histor-
ical estimates of Trichodesmium population densities (e.g. Carpenter, 1983),
may have resulted in relatively low estimate for marine input because the
methods and approaches for quantification of rnicroplankton used by those
early studies may have systematically underestimated Trichodesmium abun-
dance (Capone et al., 1997). Standard protocols for microplankton abundance
estimates often use relatively small subsamples (typically 50 to 250 mL) from
large volume (5 to 30 L) water bottles, sometimes with prescreening using
100 to 200 /-lm mesh to remove zooplankton (and inadvertently Trichodes-
mium) (Strickland & Parsons, 1972). In contrast, Revelante & Gilmartin
(1982) specifically note that they did not pre-filter in order to "ensure inclu-
sion of Oscillatoria spp. (i.e. Trichodesmium)", typically followed by a pro-
cedure for settling the microplankton onto the counting cell.
Trichodesmium typically occurs in densities of from < 1 to 5 colonies L-I
in the Atlantic (Carpenter & Romans, 1991), with each colony consisting of
from about 100 to 250 trichomes and with dimensions of about 3-5 x 1 mm.
Prescreening for zooplankton would, of course, remove any colonies and
many trichomes from the sample. The probability of even capturing a single
colony in the small sample volume generally used by microplanktonologists
is low and wouId have imposed a bias against accurate quantification of Tri-
chodesmium. Moreover, Trichodesmium is exceptionally buoyant (Walsby,
1992) and this can result in its aggregation at the upper portion of water bot-
tles while held on deck. Subsamples for plankton counts are generally taken
from a spigot at the lower portion of the bottle. Furthermore, without proce-
dures to collapse their gas vesic1es, trichomes may remain in suspension after
either passive settling or centrifugation (Carpenter, pers. obs.; cf. Venrick,
1997). Excessive manipulation during preparation for counting can also dis-
rupt colonies and effect cell lysis (Borstad, 1982). Finally, for studies based
on quantitative plankton towing (rather than water bottle sampling)
Trichodesmium colonies are relatively delicate, and can be disrupted by towing
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at higher speeds. Relatively slow towing speeds « 1 knot) are necessary to
preserve colony integrity.
Thus, specific procedures are required in order to quantitate accurately Tri-
chodesmium biomass. Collection of the complete contents of large (> 10 L)
water bottles on filters through gentle gravity filtration is the method of
choice (Borstad, 1982; Carpenter, pers. comm.) and probably preferable to
quantitative plankton tows even at low speeds.
Our analysis of oceanic Nz fixation in 1997 (Capone et al., 1997) relied on
studies specifically focussed on Trichodesmium and Nz fixation and which
took into account their special sampling requirements. The values for Nz fix-
ation summarized there indicated relatively low, and seasonally restricted rates
for sub-tropical studies which varied over about 2 orders of magnitude (see
Table 1 in Capone et al., 1997). However, for 10 studies in tropical regions,
average rates of Nz fixation varied over a much narrower range (about 10-
fold, from about 35 to 278 ~mol N m-z d- I ). We derived a grand average for
tropical areas of 106 ~mol N m-z d- I . We have attempted a preliminary
extrapolation scaling this average rate of depth integrated Nz fixation in lati-
tudinal bands of the oceans, with assumptions to reduce the annual activity
within latitudinal bands as a function of season (sub-tropical winters and
tropical monsoon periods) and reducing the oceanic area to account for zones
of upwelling and equatorial divergence (Table II). This relatively crude exer-
cise nonetheless arrives at a rate of Nz fixation, about 65 Tg year- I , more than
1O-fold greater than our 1982 estimate based on presumed surface densities
of Trichodesmium trichomes. As for the earlier estimate, we have not factored
in an input due specifically to blooms in this calculation. Nonetheless, this
estimate seems more consistent with recent independent estimates of marine
Nz fixation.
PUZZLES AND PROSPECTS
There is much still to be leamed about the biology and ecology of Tri-
chodesmium. For instance, the biochemistry of Trichodesmium's Nz fixation
apparatus still presents fascinating and enigmatic features to cyanobacterio-
logists and those studying N z fixation (Gallon, 1996; Capone et al., 1997).
The model by which Trichodesmium maintains active nitrogenase concurrent
with photosynthesis without the benefit of heterocysts continues to evolve.
Early speculation suggested that differentiation of function occurred at the
colony level, with photosynthetic activity and Oz evolution occurring in fila-
ments at the periphery of a colony, while nitrogenase activity occurred in
lower Oz zones near the colony center (Fogg, 1974; Carpenter & Price, 1976).
Research in the early 1990s appeared to refute this model (e.g. Carpenter et
al., 1990; cf. Paerl & Bebout, 1988). More recent evidence suggests differen-
tiation of cells along individual filaments of Trichodesmium such that clusters
of adjacent cells which appear to be induced for nitrogenase also have a
reduced capacity for C assimilation and, presumably, PSII activity and Oz
evolution (Fredriksson & Bergman, 1997; Lin et al., 1998; see Bergman, this
volume and Paerl, this volume for more extensive discussion).
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Table II. Global extrapolation of Oceanic N, fixation.
Ocean Adjusted Daily N2 fix. Days Total N FixedLatitude area Oligotrophic area Jlmol N2 Tg year- l
x 106 km2 portion x 106 km2 m-2 d- 1
per year
40-35 N 10.0 90% 9.0 0.5 100 0.01
S 16.5 90% 14.8 0.5 100 0.01
35-30 N 10.8 90% 9.7 1 ISO 0.02
S 15.8 90% 14.2 1 150 0.03
30-25 N 11.7 90% 10.5 50 250 1.8
S 15.4 90% 13.9 50 250 2.4
25-20 N 13.3 90% 12.0 100 324 6.0
S 15.5 90% 13.9 100 360 7.0
20-15 N 15.0 90% 13.5 100 324 6.1
S 16.2 90% 14.5 100 360 7.3
15-10 N 16.6 90% 14.9 100 324 6.8
S 17.2 90% 15.5 100 360 7.8
10-5 N 16.6 70% 11.6 100 300 4.9
S 16.9 70% 11.8 100 300 5.0
5-0 N 17.4 70% 12.2 100 300 5.1
S 16.8 70% 11.8 100 300 4.9
TOTALS 242 204 65.3
AssumptÎons:
J. 010 lU degrees, N & S; 33% monsoonal area, 180 days inlermonsoon, Ihus (180 days x 0.33)
+ (360 x 0.66) =300 days.
2. 101020 degrees, N; 20% monsoonal area, 180 days inlermonsoon, Ihus (180 days x 0.2) + (360 x
0.8) =324 days.
While Trichodesmium is often assumed to be strictly diazotrophic (i.e.
solely dependent upon N2 fixation for ils N requirement based its low Ùl5N
and early reports of a low capacity for ammonium or nitrate uptake, see Car-
penter et al., 1997), recent evidence indicates a capacity in situ for assimila-
tion of sorne combined N (see MulhoIland et al., this volume). This may help
expiain, in part, the disparate results with respect to growth rates derived from
C versus N doubling times (Montoya & Capone, in prep.) as weIl as disparity
in field results (Capone et al., 1998). The means by which Trichodesmium
obtains its requirements for P and Fe for growth are unknown and debated
(e.g. Karl et al., 1992; Rueter et al., 1992; Letelier & Karl, 1998).
On a broad ecological scale the literature suggests, potentially, basin scale
differences in the relative abundances of the predominant species of Tri-
chodesmium and the predominant form (free filaments or colonies) they occur
in. Relatively large populations of T. thiebautii (which often occur in large
248 Bulletin de l'Institut océanographique, Monaco, n° spécial 19 (1999)
NITROGEN FIXATlON BY MARINE CYANOBACTERIA
colonies, see below), are reported for areas of the tropical and sub-tropical
north Atlantic, Caribbean (e.g. Hulburt, 1962, 1968; Steven & Glombitza,
1972; Carpenter & McCarthy, 1975; Borstad, 1982; Villareal, 1995), north
Pacific gyre (Mague et al., 1977) and western Pacific (e.g. Saino & Hattori
1980b). The smaller (both in filament and colony size) T. erythraeum seems
to predominate in the southern hemisphere including the Indian Ocean
(Devassy et al. 1978, Capone et al., 1998) and SW Pacific and Australia
waters (ElC, pers. obs, l. O'Neil, pers. comm.). While the perceived differ-
ences may be partially a result of confused taxonomy, they may also be real
and reflect fundamental differences (e.g. Fe input) among systems.
There also appears a dichotomy with respect to the predominance of free
living versus colonial forms in different regions. Carpenter (1983a, b) reports
for his studies in the tropical N. Atlantic/Caribbean that typically greater than
90% of Trichodesmium trichomes occur in colonial fonn and a high prepon-
derance of trichomes in colonies was also found by Borstad (1982) around
Barbados and Villareal (1995) in the western Caribbean. In contrast, Saino
and Hattori (1980b) in the Koroshio, South and East China found a predomi-
nance of free trichomes, as did Letelier and Karl (1996) at their HOT station.
Trichodesmium populations are not static features of the particular envi-
ronments in which they are encountered. In the sub-tropics, there can be pro-
nounced seasonal cycles of Trichodesmium abundance (e.g. Letelier & Karl,
1996; Orcutt et al., 1997). Interestingly, Steven & Glombitza (1972) and Bor-
stad (1982) found an oscillatory variation in Trichodesmium populations in
the tropical waters off Barbados, with a period of about 3 to 4 months which
Borstad (1982) concluded were a result of periodic advection of waters from
the Guiana CUITent. Karl et al. (1995, cf. Venrick, 1997) have recently
reported on a shift in the predominance of Trichodesmium at over a multi-
year period at HOTS. They related the shift to decreased upper ocean mixing
during an ENSO event, which resulted in higher Trichodesmium abundance
and a shift from N to P limitation. Identifying the factors contributing to such
shifts in population, as well as the direct implications of these shifts to the
ecosystems affected, will be the focus of research for sorne time to come.
Despite the expansion in studies of open ocean N2 fixers, it has also
become clear that to assess accurately their biomass and activity by direct
means is a relatively difficult and tedious task (see above). Given the vast
areas that over which they occur, and the natural spatial and temporal hetero-
geneity of populations, it will require novel approaches (e.g. through direct in
situ assessment and satellite remote sensing coupied with biogeochemical
modeling) to obtain the required information to make more robust extrapola-
tions of its global biomass and contribution to oceanic biogeochemistry.
In this respect, we will soon be able to gain a substantially better handle on
the spatial and temporal distributions and densities of Trichodesmium in the
world's oceans through the use of Trichodesmium-specific algorithms for cur-
rent (SeaWiFS) and planned satellite based ocean color sensors (Subrama-
niam & Carpenter, 1994; Tassan, 1995; Capone et al., 1997, Subramaniam et
al., submitted). This infonnation, coupled with the expanding base of oceano-
graphie observations on Trichodesmium and N2 fixation, should provide the
ability to derive more robust estimates of this process in the not so distant
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future. Furthermore, dovetailing satellite observations of Trichodesmium dis-
tributions and abundance with separate assessments of aeolian dust transport
(e.g. matching with aerosol fluxes) may provide important insights to sub-
stantiate the broader scale controls on oceanic N2 fixation in the current
ocean, as weIl as enhancing our ability to predict future trends in this process.
Beyond Trichodesmium, the role of other oceanic diazotrophs, including
cyanobacteria such as Katagnymene, Richelia and oceanic coccoids, also
needs to be more fully evaluated with respect to their diversity, ecology and
physiology as weIl as their contribution to marine N cycling.
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ABSTRACT
Two stations, Hiddensee (station 1) and Boiensdorf (station 11), of Baltic
Sea shallow coastal waters which differ in sulfide concentration and salinity
were exarnined with regard to changes in cyanobacterial community under the
influence of sulfide between 1992 and 1994. High abundances of both hetero-
cyst containing filamentous cyanobacteria (e.g. Nodularia) as weIl as unicel-
lular forms (e.g. Merismopedia) were found at station 1 in the absence of
sulfide in the water column. These groups of cyanobacteria decreased signifi-
cantly with increasing sulfide concentration up to 4 mM during summer time.
Simultaneously, a mass development of 4 gliding, filamentous cyanobacteria
(Microcoleus chthonoplastes, Lyngbya aestuarii, Oscillatoria margaritifera
and Oscillatoria sp.) occurred. These cyanobacteria exhibit a large tolerance
for high sulfide concentrations and form mats of a few cm thickness. The
ability to adapt to changing sulfide concentrations is species dependent. No
sulfide was detected in the water of station II, where a large abundance of differ-
ent cyanobacteria species was observed in summer without a mass develop-
ment of a distinct species. A comparable development of the cyanobacterial
coenosis and the occurrence of the same species were observed at both sta-
tions during fall and winter. Most of the isolated cyanobacteria oxidize sulfide
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phototrophically and stoichiometrically to thiosulfate with an intermediate
formation of sulfite. Depending on environmental conditions, shifts in the
physicochemical gradients (redox potential, oxygen, sulfide) occurrred in
the sediments of both stations in the course of a year.
INTRODUCTION
Macro-, meio- and microorganisms of the shallow littoral of the southem
Baltic Sea are exposed to increasing stress by the formation of sulfide and
methane due to a continuing eutrophication (Gamenick et al., 1996, 1997;
Vopel & ArIt, 1995; Volkel & Grieshaber, 1995; Villbrandt & Stal, 1996). In
marine sediments, sulfide arises mainly by the activity of sulfate reducing
bacteria. Highest sulfate reduction rates are often found in habitats rich in
decomposable organic material (see J0rgensen 1982, 1989). Cyanobacteria
are important primary producers in marine habitats and are capable of per-
forming not only oxygenic photosynthesis but also anoxygenic photosynthesis
when they are exposed to hydrogen sulfide (for review see Waterbury, 1992;
Cohen & Gurevitz, 1992).
Rabenstein et al. (1995) and Rethmeier (1995) showed that benthic cyano-
bacteria from coastal sediments of the southem Baltic Sea are tolerant to
moderate amounts of sulfide, since they have either a sulfide insensitive pho-
tosystem II or can use sulfide as an effective electron donor to perform anoxy-
genic photosynthesis. Under anaerobic conditions, cyanobacteria oxidize
sulfide to at least two known products, namely elemental sulfur (e.g. Oscilla-
toria limnetica) or thiosulfate (e.g. Microcoleus chthonoplastes strain Il)
(see Rabenstein et al., 1995).
Recent studies clearly have shown that thiosulfate is the main oxidation
product and that depending on the cyanobacteria species sulfite or poly-
sulfides can occur as weIl (Rabenstein et al., 1995 and unpublished data).
The composition of a cyanobacterial coenosis is dependent on seasonal
environmental variations. This concems e.g. nitrogen-, sulfur-, carbon- or
phosphate concentrations as weIl as temperature. For example, heterocystous
cyanobacteria were the dominant cyanobacteria in the Baltic sea during sum-
mertime when there was a deficiency of bound nitrogen (Hoppe, 1981 quoted
in Rethmeier, 1995).
Therefore, it was the aim of this study to examine i) the occurrence and
abundance of benthic cyanobacterial communities under the influence of
increasing sulfide concentrations and ii) the adaptation behaviour of single
cyanobacterial isolates for sulfide.
MATERIAL AND METHODS
STUDY LOCATION. Both study areas are located in the flat and poody flushed
"Boddenwaters" of the southem German Baltic Sea. Hiddensee-Island (sta-
tion 1) is faced 5 km west of Rügen-Island. The second station (II) Boiensdorf
is located 20 km north of the city of Wismar, near Poel peninsula. Station 1
exhibits an average salinity of 9%0 and sulfide concentrations of up to 4 mmoJJl
258 Bulletin de l'Institut océanographique. Monaco, n° spécial 19 (1999)
CYANOBACTERIAL COMMUNITY CHANGES IN SULFIDE BIOTOPES OF THE BALTIC SEA
in summertime while at station II higher salinity values (14%0) but lower
sulfide concentrations « 10 Ilmolll) occur.
DETERMINATION OF BENTHIC CYANOBACTERIA ABUNDANCE. Samples of the
upper sediment layer from both stations were colIected directly with Petri
dishes (10 replicates each) along transects. The first 3-5 mm of the whole sedi-
ment surface was scrapped off with a spatula from each Petri dish and sus-
pended in 3-5 ml of sterile filtered sea water. AlI suspensions were then used
to determine the abundance of benthic occurring cyanobacteria by counting
their numbers under a light microscope as described by Rethmeier (1995).
ISOLATION, CHARACTERIZATION, AND CLASSIFICATION OF ORGANISMS. Isola-
tion and characterization of benthic cyanobacteria were carried out as des-
cribed by Rethmeier (1995). Classification of cyanobacteria folIows the
assignments given by Rippka et al. (1979).
MICROPROFILES. Fine scale depth profiles of oxygen were measured in sediment
cores (inner diameter 10 cm) with ion sensitive needle electrodes connected
to an Ag/AgCl reference electron. Redox microprofiles (down to 24 mm sedi-
ment depth) were determined in the cores using a 12-step redox microelec-
trode and a calomel reference electrode. Sulfide microprofiles were measured
electrometrically in sediment cores taken with a cut off syringe (10 ml). Detailed
information of aIl chemical gradient measurements are described by Game-
nick et al., (1997).
DETERMINATION OF INORGANIC SULFUR COMPOUNDS. Inorganic sulfur com-
pounds were determined according to the methods described by Rethmeier et
al. (1997).
RESULTS AND DISCUSSION
Measurements in the sediments of both stations from 1992 to 1994 cleady
have shown that a shift in the physicochemical gradients of redox potential.
oxygen and sulfide occurred depending on the degree of eutrophication.
Since the annual microgradients between 1992 and 1994 did not differ signif-
icantly from each other, microprofiles obtained in 1992 may be regarded as
representative examples (Table 1). Depth of 0rdiffusion into the sediments
decreased at both stations in June and August, while sulfide concentrations
increased. Station 1 showed considerably higher sulfide amounts in June
(5.8 mM in a depth of 2.4 cm) than the other station (1.8 mM in a depth of
4 cm) and 0rdiffusion at station 1 was observed only to a depth of 2 mm (sta-
tion II down to 3 mm depth). These measurements are in good correlation
with the corresponding redox potential profiles.
The number of the dominant cyanobacteria occurring at both stations was
counted, and the abundance of different species in major subgroups according
to Rippka et al. (1979) was compared (Table II). A reaction to sulfidic condi-
tions was observed clearly in the fluctuation concerning the composition of
cyanobacteria species at both stations in 1992 and 1993 (Fig. 1 A,B). In
spring, when a deficiency of bound nitrogen was found in the sediments,
cyanobacteria with heterocysts (subgroup 4) were the dominant organisms
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Table I. üxygen diffusion, sulfide concentrations and redox potential (Eh) profiles
in the sediments of Hiddensee (Stat. 1) and Boiensdorf (Stat. II) in 1992.
Eh-microprofile measurements were taken between 0 and 25 cm depth
and corrected against a standard hydrogen electrode.
Station April June August December
Depth (mm) of oxy- 1 0-5 0-2 0-4 0-4
gen diffusion II 0-4 0-3* 0-2 0-6
Sulfide concentration 1 n.d 5.8 5.5 l.l
Depth (cm) 1 - 2.4 4 3
Sulfide concentration II n.d 1.8* 5.5 3.5
Depth (cm) II - 4 4 3
Redoxpotential (mV) 1 n.d - 20 - -250 + 350 - - 50** + 380 - + 120
II n.d. + 320 - +50* + 180 - +20 +300 - + 50
n.d. =not detected; * =dried sediments; ** =-50 mV at 5 mm depth
Table II. Number of different cyanobacteria species at Hiddensee (1)
and Boiensdorf (II) stations from 1992 to 1994. Assignment into major subgroups
according to Rippka et al. (1979). (Subgroups: 1/2 =unicellular;
3 = filamentous without heterocysts; 4 = filamentous with heterocysts.)
Cl. Year, Month and Station
='0
.. 1992 1993 1994OJI
oC
= October 100 April June August December April June November May August
1 II 1 II 1 II 1 II 1 II 1 II 1 II 1 II 1 II 1 II
112 1 3 5 2 4 5 2 6 4 7 JO - 8 5 3 4 3 - 3 -
3 7 9 6 5 8 9 7 10 9 3 II - 5 5 6 7 7 - 7 -
4 7 3 2 4 1 0 2 3 JO 0 4 - 1 0 0 4 1 - 1 -
Total 15 15 13 Il 13 14 Il 19 23 JO 25 - 14 JO 9 15 JO - JO -
- = Not determined.
(e.g. Nodularia harveyana) besides unicellular Merismopedia glauca at
sulfidic station 1. The situation changed in summer, when high sulfide con-
centrations (up to 4 mM) were measured. At this time, a mass development of
four gliding, filamentous cyanobacteria of subgroup 3 (Microcoleus chthono-
plastes, Lyngbya aestuarii and 2 Oscillatoria species) was observed. These
cyanobacteria show a great tolerance against sulfide and are responsible for
the mat formation of several cm thickness. Virtually no sulfide was detected
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Figure 1. Fluctuation in composition of cyanobacterial population depending on
sulfide concentration at Hiddensee CA) and Boiensdorf (B) station between 1992 and
1994. TaxonomicaJ classification of cyanobacteria into subgroups follows the
assignments given by Rippka et al. (1979) (light gray: subgroups 1/2, black:
subgroup 3; dark gray: subgroup 4; curves in the background of both graphs refer to
the actuaJ sulfide concentration) (n = 10).
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in the overlying water at station II, resulting in a large abundance of different
cyanobacteria in the summer without a typical mass formation of a dominant
species. At this station, mainly species belonging to the groups of unicellular
and filamentous. non-heterocystous cyanobacteria were found. Spirulina sub-
salsa was the dominant species at station II in April 1992. A comparable
development of the cyanobacterial population and the occurrence of the same
species were observed at both stations in 1992. Merismopedia glauca was the
dominant species at that time. While different Spirulina species dominated
station II at the same time, no distinct species dominated station 1. As can be
seen especially from the studies at station 1, filamentous cyanobacteria
seemed to be better adapted to sulfidic conditions than heterocyst-forming
ones. This is in good agreement to the observations of Villbrandt and Stal
(1996) who found that the differences in sulfide concentrations in two differ-
ent cyanobacterial mats studied was the factor which selected against hetero-
cystous species. In addition, the authors showed that sulfide was also
regulating nitrogenase activity in non-heterocystous cyanobacteria (stimula-
tion) and heterocystous cyanobacteria (inhibition). Investigations on the
anaerobic sulfide oxidation by different marine cyanobacteria, isolated from
both the stations described in this study, have shown clearly that thiosulfate is
the dominant oxidation product of this process, and not elemental sulfur as
expected for many years. The formation ofthiosulfate proceeds with sulfite as
intermediate sulfur compound (Rabenstein et al., 1995). Since non-hetero-
cystous filamentous cyanobacteria are better adapted to high sulfide concen-
trations than other ones, they will have an important advantage to survive
unfavourable conditions in sulfide stressed habitats.
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Trichodesmium spp. is a filamentous, colonial cyanobacteria which con-
tributes significantly to oceanic nitrogen fixation and which is found in abun-
dance in tropical and subtropical waters. In such waters, Trichodesmium is
frequently found throughout the euphotic zone (e.g. McCarthy & Carpenter
1979; Carpenter & Capone, 1992), but can also be found in dense, surface
blooms (e.g. Fumas, 1992; Karl et al., 1992). Indeed, in the North Pacifie
Gyre, where dense blooms are commonly observed, the contribution of new
nitrogen (sensu Dugdale & Goering, 1967) is estimated to be at least equal to
the flux of NO; from deep water below the euphotic zone (Karl et al., 1992).
Tropical and subtropical regions of the oceans are typically impoverished
with respect to dissolved inorganic nitrogen. In contrast, dissolved organic
nitrogen (DON) concentrations are often in the range of 5-10 !lmoll-1• It has
previously been shown that Trichodesmium may release a significant fraction
of newly fixed nitrogen in the forrn of DON. Using 15N tracer techniques,
Glibert & Bronk (1994) were able to demonstrate that roughly 50% of the N 2
fixed by Caribbean Sea populations was released as DON within 2 hr, and
that 60-80% of this DON was of the size c1ass < 10,000 Da. Capone et al.
(994), by measuring net efflux offree amino acids from Trichodesmium col-
onies, showed that glutamate and glutamine were released, and rates of
released paralleled the daily cycle of nitrogenase activity.
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Several hypotheses have been put forth to explain why Trichodesmium
might release so much of their newly fixed nitrogen. First, the release may be
due to processes that are not regulated metabolically, but which serve to rup-
ture the cells, such as grazing or viral infection (Bronk & Glibert, 1991; Proc-
tor & Fuhrman, 1991; Suttle et al., 1990). Secondly, it has been suggested
that organic compounds may be actively released, thereby providing a source
of fixed nitrogen for non-nitrogen fixing filaments of the colonies (Capone et
al., 1994). Rapid cyc1ing of organic acids, such as glutamine and glutamate,
may possibly be an important nutritional strategy for these colonial organ-
isms. Uptake of glutamine and glutamate by these colonies has been demon-
strated (Carpenter et al., 1993; Capone et al., 1994), thus lending credence to
this hypothesis. Release of nitrogen by Trichodesmium has been implicated in
the observed accumulations of DON following dense blooms (Karl et al.,
1997).
Our purpose here is to not only provide additional data that DON may be
released during the growth of blooms of Trichodesmium, but also to describe
an additional mechanism, cell surface oxidation of amino acids, by which Tri-
chodesmium or associated organisms may use this source of nitrogen. The
key questions are: under what conditions is Trichodesmium a source of DON,
and under what conditions, and via what mechanism does it or associated
organisms use DON as a nitrogen substrate?
Dense blooms of Trichodesmium were sampled near Heron Island, Great
Barrier Reef, Australia, in November 1995 and October 1996. Other samples
of Trichodesmium were collected off the coast of Ubatuba, Brazil, December
1994, but these populations did not form as dense an accumulation as those in
the Great Barrier Reef. In Brazil, Trichodesmium populations were found ta
be mostly in colonial form, whereas on the Great Barrier Reef, they largely
consisted of free filaments. Several types of measurements were made. First,
in the Great Barrier Reef, samples for ambient NH~ and DON were collected
within the bloom patches and just outside the patches. Concentrations of
NH~ were analyzed according to Parsons et al. (1984), while those of DON
were analyzed using an Antek high temperature combustion analyzer. In
addition, at both sites, Trichodesmium colonies were collected from the sur-
face accumulations using acid-cleaned vials or buckets, and retumed to shore
laboratories for experimental measurements of amino acid oxidation. Amino
acid oxidation is an extracellular mechanism whereby cells may obtain nitro-
gen from organic substrates, liberating equimolar concentrations of NH~,
hydrogen peroxide, and an alpha keto acid. The released NH~ is then availa-
ble to be taken up by the cells (Palenik et al., 1989; Pantoja & Lee, 1994). The
rate of amino acid oxidation by enzymes residing on the cell surface was
assessed using a fluorescent amino acid analog, Lucifer Yellow anhydride-
labeled lysine (LYA-Iysine; Pantoja et al., 1993; Pantoja & Lee, 1994; Mul-
holland et al., 1998). This compound is considered a general analog of amino
acids (Pantoja et al., 1993). LYA-Iysine and its oxidation products were sepa-
rated and quantified using high performance liquid chromatography as
described by Pantoja et al. (1993) and Mulholland et al. (1998).
Concentrations of DON and NH~ within Trichodesmium patches sampled
on the Great Barrier Reef were enriched on average 1.5 and 4.9-fold, respec-
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tively, relative to water collected just outside the patches. These values are
comparable to previously reported enrichment factors for the same nutrients
in blooms off Hawaii (Karl el al., 1992; Table 1). The difference in concentra-
tion of DON inside and outside the dense patches remained roughly constant
for one 5-day time series on the Great Barrier Reef (Fig. 1). While the overall
accumulation of Trichodesmium varied from day-to-day, on average, the con-
centrations of DON inside the blooms were 3.8 ± lA ~mol higher than those
outside the blooms (Fig. 1). On a longer ti me scale. Karl et al., (1997)
observed roughly a 30% increase in DON in surface waters of the North
Pacific subtropical gyre (hydrostation ALOHA) from summer 1991 through
1992 folJowing the appearance of large concentrations of Trichodesmium,
likely induced at that time by El Nino. This release and accumulation of DON
was noted to be consistent with the suggested shift from nitrogen to phospho-
rus limitations during the El Nino.
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Figure 1. Comparison of concentrations of DON sampled inside and outside of
dense patches or surface accumulations of Trichodesmium in the Great Banier Reef
over a S-day time period in October 1996. Errol' bars represent analyticaJ variability
for repl icate samples at representative concentrations.
In previous studies conducted on Caribbean Sea assemblages of Tricho-
desmiwn, high rates of amino acid oxidase activity have been observed (Mul-
holland el al., 1998). Trichodesmiwn colonies provide microhabitats for as
variety of microorganisms, sllch as cyanobacteria, bacteria, phytoplankton
and zooplankton (Paer! el al., 1989; Sellner. 1992; O'Neil & Roman, 1992).
Synechococcus as weil as some bacteria have been shown to have intracellu-
laI' amino acid oxidases (Meyer & Pistorius, 1989; Engels el al., 1992). These
stlldies in the Caribbean were unable to confirm, however, whether the
observed oxidase activity was directly attributable to Trichodesmium or one
or more of the associated organisms (MlIlholland et al., 1998). ln experiments
conducted in Brazilian coastal waters, rates of amino acid oxidase activity
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approximated those measured in the Caribbean. In sharp contrast, however,
virtually no detectable oxidase activity was observed in Trichodesmium popu-
lations collected from dense surface accumulations from the Great Barrier
Reef (Fig. 2).
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Figure 2. Mean rates of LYA-lysine oxidation rate for Trichodesmium samples
collected in three regions: coastal Brazil, Caribbean Sea, and Great Barrier Reef
(GBR).
It has previously been suggested that amino acid oxidase activity may be
related to the nutritional state of the cells. Palenik & Morel (1990) observed
an increase in phytoplankton amino acid oxidase activity in cultures depleted
in NH;. Furthermore, Mulholland et al. (1998) reported that amino acid oxi-
dase activity increased as inorganic nitrogen supply became exhausted in
mesocosm studies. Trichodesmium, on the other hand, primarily uses nitro-
gen fixation rather than the uptake of inorganic nitrogen to support growth
(Carpenter & McCarthy, 1975; Glibert & Banahan, 1988; Mulholland et al.,
1998). Therefore, a correlation with inorganic nutrient availability would not
be expected for these ceUs if Trichodesmium were the organisms responsible
for the observed rates of amino acid oxidation, but might be expected if asso-
ciated bacteria or cyanobacteria were responsible for the oxidation activity.
Environmental regulation of other ectoenzymes has been previously observed
(e.g. Chr6st, 1991).
Our studies do indeed suggest that higher rates of amino acid oxidation
were associated with Trichodesmium samples collected from the Caribbean
and coastal Brazil than from the Great Barrier Reef. We suggest two scenarios
to explain these observations. First, Trichodesmium from the Caribbean and
coastal Brazil were more dispersed through the water column, while those
from the Great Barrier Reef were associated in thick surface accumulations,
and therefore strong gradients in both NH; and DON did not develop in the
Caribbean or Brazilian waters as they did in the dense patches (e.g. Table 1).
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The strong gradients in NH; that developed within the patches may repress
the activity of amino acid oxidases (Palenik & Morel, 1990). Furthermore,
Trichodesmium from the Great Barrier Reef was primarily in the form of free
filaments, whereas those from the Caribbean were more colonial. Therefore,
in the latter case, there was a greater habitat for associated bacteria and other
cyanobacteria than was the case in the free filaments. We have to confirm
whether amino acid oxidase activity is due to Trichodesmium directly, or due
to associated organisms. The lack of activity by the free filaments found in the
Great Barrier Reef suggests that the associated organisms are responsible for
this activity.
Table I. Nutrient enrichment factors inside and outside of blooms.
Outside Inside Enrichment factor Reference
DON 4.2 13.0 3.1 Karl et al., 1992
5.0 10.5 2.1 Karl et al., 1992
6.9 ± 3.1 10.3 ± 3.5 1.5 This study
NH4 <0.05 1.35 >27.0 Karl et al., 1992
0.23 1.4 6.3 Karl et al., 1992
1.4 ± 1.2 7.0 ± 2.4 4.9 This study
Thus, dense surface blooms of Trichodesmium appear to be enriched sev-
eral-fold in NH; and DON. Trichodesmium release a significant fraction of
their newly fixed nitrogen as DON (Glibert & Bronk, 1994). This DON may,
in fact, accumulate in near-surface waters (Karl et al., 1992, 1997). However,
sorne fraction of this material is assimilated either directly by the Tricho-
desmium (e.g. Capone et al., 1994), or by the associated bacteria (Paerl et al.,
1989). Further characterizations of the released nitrogen, the factors associ-
ated with the oxidation of amino acids, and whether Trichodesmium or asso-
ciated organisms are responsible for processing these amino acids, are
necessary to determine the role the DON may play in supporting subsequent
production.
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INTRODUCTION
Unicellular planktonic cyanobacteria of the genus Synechococcus are
ubiquitous throughout the worlds oceans. They are particularly prevalent in
tropical and subtropical oligotrophic waters where they contribute signifi-
cantly to primary productivity. In such waters nitrogen is often below levels
of detection, yet all marine planktonic Synechococcus strains tested do not fix
molecular nitrogen (Waterbury et al., 1986). Inorganic nitrogen sources avail-
able to Synechococcus are thus ammonium, nitrate and nitrite. However, the
acquisition of nitrate and nitrite is hampered in the presence of ammonium
(Glibert & Ray, 1990; Lindell et al., 1998).
Studies on freshwater cyanobacteria show that nitrate and nitrite are trans-
ported over the cell membrane and reduced intracellularly to ammonium
before being incorporated into cellular components (Flores & Herrero, 1994).
Ammonium prevents the utilization of nitrate and nitrite in Synechococcus sp.
strain PCC 7942 at two levels: (i) At the level of nitrate/nitrite transport into
the cell (Lara et al., 1993); and (ii) at the level of transcription of the nirA
operon which encodes the proteins required for nitrate/nitrite assimilation
(Luque et al., 1994). In this Synechococcus strain, NtcA, a transcriptional
activator, mediates control by ammonium at the level of transcription (Luque
et al., 1994). In the absence of ammonium, NtcA positively regulates its own
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expression as weIl as that of a number of genes involved in nitrogen nutrition
including the nirA operon (Luque et al., 1994). We recently reported on the
presence of the ntcA gene in the marine Synechococcus sp. strain WH 7803
(Lindell et al., 1998). In this short communication we report on the negative
effects of ammonium on ntcA expression and nitrite and nitrate utilization in
Synechococcus sp. strain WH 7803.
MATERIALS AND METHODS
Growth conditions: Synechococcus sp. strain WH 7803 was grown on ASW,
an artificial seawater medium containing either 9mM nitrate (ASWN03),
2 mM ammonium (ASWNH4), both nitrate and ammonium (ASWNH4+N03), or
lacking in a combined nitrogen source (ASW0)' The trace metal mix was
modified to be deficient of nitrogen sources as described in Lindell et al.
(1998). Cultures were grown at 25°C in continuous white light at an intensity
of 30-50 !lmol quanta m-2 S-1 with constant agitation on an orbital shaker at
125 rpm.
Ribonuclease Protection Assays (RPAs): An antisense biotinylated RNA
probe internaI to the ntcA gene was transcribed using the Ambion BrightStar
BiotinScript kit. The Ambion RPAII kit was used to probe equal amounts of
total RNA extracted from Synechococcus sp. strain WH 7803 cells. Probe
detection was carried out with the Ambion BrightStar BiotinDetect kit.
Nitrite and nitrate uptake assays: Cells grown on ASWNO] were harvested
at mid log phase by centrifugation (10,000 x g, 5 min., 25°C), washed twice
and resuspended in fresh medium with the addition of 25 !lM of nitrate or
nitrite. Cells were then reacclimated to growth conditions for 60 minutes
prior to the commencement of uptake assays. The concentration of nitrate or
nitrite remaining in the medium was followed after the removal of cells by
centrifugation. Data were normalized as amount NO;: or NO}" removed from
the medium per cell. Nitrite concentrations were determined spectrophoto-
metrically according to Parsons et al. (1984). Nitrate concentrations were
determined spectrophotometrically at 210 nm in the presence of 0.5% amido
sulfonic acid and 4.2% perchloric acid as outlined in Cawse (1967). Where
appropriate, N,N' -dicyclohexylcarbodiimide (DCCD - an Fo,F j-ATPase
inhibitor) was added to a final concentration of 10 !lM 15 minutes before the
commencement of uptake assays.
RESULTS AND DISCUSSION
ntcA gene expression in Synechococcus sp. strain WH 7803 was influenced
by nitrogen source availability. Cells grown with nitrate as the sole source of
nitrogen expressed ntcA strongly (Fig. lA). However, in the presence of
ammonium (as either the sole nitrogen source or together with nitrate) ntcA
expression was weak (Fig. lA). Cells transferred from an ammonium contain-
ing medium to one lacking in a combined nitrogen source also expressed ntcA
strongly (Lindell et al., 1998). These data indicate that ntcA gene expression is
down-regulated in the presence of ammonium and that an alternative nitrogen
source is not required for ntcA expression in the absence of ammonium.
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Figure 1. Effect of ammonium on ntcA expression. (A) RPA showing ntcA transcript
levels in Synechococcus sp. WH 7803 grown on different nitrogen sources. The anti-
sense RNA probe was hybridized to 8 Ilg total RNA extracted from cultures grown
on ASWNH4 (NH;), ASWNol (NO;) and ASWNH4 + NÛ) (NH; + NO;). Yeast RNA
subjected to the RPA protocol (first lane) showed that the probe is degraded entirely
when no homologous transcript is present, and yeast RNA subjected to the RPA
protocol without RNase digestion (second lane) showed that the probe remained
intact throughout the procedure. The last lane contains single-stranded-RNA stand-
ards of the denoted length. (B) ntcA transcript levels after the addition of rifampicin
or ammonium. RPA analysis was carried out on 8 Ilg total RNA extracted from cells
grown on ASWNol at set time intervals after the addition of rifampicin (150 Ilg/ml)
or ammonium (2 mM). ntcA transcript levels were quantified by densitometry and
plotted relative to initial amounts (at zero minutes). The half lives of the ntcA tran-
script were calculated by a linear regression of the data from the linear portion of the
decline. Half lives were 1.83 ± 0.2 (R2 = 0.95; n = 9) after rifampicin addition, and
1.28 ± 0.2 (R2 = 0.96; n = 4) after ammonium addition.
Two transcript populations were detected for ntcA in Synechococcus sp.
WH 7803 (Lindell et al., 1998). A long transcript was expressed constitu-
tively at similarly low levels irrespective of the nitrogen source. In the
absence of ammonium, an additional, shorter transcript was found at highly
elevated levels. The putative transcription start point of the regulated ntcA
transcript, as determined by primer extension, was located downstream of
NtcA-like promoter sequences at distances identical to that found for a
number of NtcA regulated transcripts in the freshwater Synechococcus sp.
strain PCC 7942 (compare LindelI et al., 1998 and Luque et al., 1994). This
suggests that, similar to PCC 7942, enhanced ntcA expression in the absence
of ammonium is autoregulated in WH 7803.
The addition of 2 mM ammonium to ASWN03 grown cells led to an imme-
diate reduction of ntcA transcript to basallevels within minutes (Fig. lB). The
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half life of the ntcA transcript upon ammonium addition was 1.28 ± 0.2 minutes,
and was comparable to that upon rifampicin addition (1.83 ± 0.2 minutes).
Synechococcus sp. strain WH 7803 is incapable of utilizing nitrate or
nitrite when grown in the presence of NH~ (Glibert & Ray, 1990; Lindell et
al., 1998). The addition of NH~ to cells grown on ASWN03 led to the imme-
diate cessation of N0:3 uptake (Fig 2A). However, cells continued active
uptake of NO; upon the addition of NH~ (Fig. 2B). Whereas ntcA expression
and N0:3 uptake are immediately affected by the addition of NH~, its nega-
tive effect on NO; uptake is graduaI over a 24 hour period (Lindell et al.,
1998).
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Figure 2. Effecl of ammonium on nitrate and nitrite uptake in Synechococcus sp.
strain WH 7803 grown on ASWN03' (A) Cells were washed and resuspended in
ASWo + 25 JlM NaNO] (A) or ASWN03 + 25 JlM NaN02 (R) and reacclimated to
growth conditions for 60 minutes prior to the commencement of the uptake assays.
The amount of nitrogen substrate remaining in the medium was determined in the
absence (solid symbols) or presence (open symbols) of 2 mM NH4CI and normal-
ized as the amount of substrate taken up per cell. The dashed lines in (B) denote the
uptake of nitrite from the medium in the presence of DCCD.
Cells transferred from ASWNH4 to ASWo did not develop the potential for
either nitrate or nitrite uptake (data not shown, Lindell et al., 1998). However,
Glibert & Ray (1990), using the more sensitive 15N-uptake method, reported
the development of low levels of nitrate uptake many hours after nitrogen
starvation (equivalent to 20% of the rates reported here for cells grown on
ASWNoJ These findings contrast those found for non-nitrogen fixing fresh-
water cyanobacteria, where cells have the capacity for similar levels of nitrate
and nitrite utilization in the presence or absence of these compounds (Guer-
rero & Lara, 1987).
The evidence for the involvement of NtcA in inorganic nitrogen utilization
in the marine Synechococcus sp. strain WH 7803 is correlative at this stage.
However, the data available to date suggest that ammonium exerts its control
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on nitrogen utilization at the level of ntcA transcription as weil as at the level
of nitrate uptake. The slow decline in nitrite uptake capacity upon the addition
of ammonium suggests an indirect mode of action of ammonium on this
nitrogen source, and may be due to reduced ntcA transcription.
Whilst the pattern of ammonium regulation on ntcA expression in the marine
Synechococcus sp. strain WH 7803 is identical to that found in the freshwater
Synechococcus sp. strain PCC 7942, aspects of nitrate and nitrite utilization
differ between the two strains. We do not yet know whether differences in the
regulation of nitrate and nitrite utilization also exist between various marine
Synechococcus strains. Glibert & Ray (1990) reported a similar response to
nitrogen deprivation in NO; uptake potential in both Synechococcus spp.
strains WH 8018 (a coastal isolate) and WH 7803 (an oceanic isolate). However
substantia1 differences in growth response, pigment degradation and NH~
uptake potential were found for these marine strains when subjected to nitrogen
starvation (Glibert et al., 1986; Glibert & Ray 1990).
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INTRODUCTION
Trichodesmium spp. are filamentous, non-heterocystous, cyanobacteria
with a nearly ubiquitous distribution in the euphotie zone of tropical and sub-
tropical oligotrophic seas. These organisms are important in the marine N cycle
because they fix N2 and thereby, alleviate N limitation in the oligotrophic
waters in which they occur (Capone et al., 1997).
While measured N2 fixation rates are high in situ, less is known about the
utilization of other N sources by these species. It has been suggested that the
bulk of Trichodesmium spp. cellular N demand is met by N2 fixation (Carpen-
ter & McCarthy, 1975; Mague et al., 1977; Carpenter, 1983). Conflicting
results have emerged from field investigations with respect to the in situ utili-
zation of DIN (Saino, 1977; Glibert & Banahan, 1988; Carpenter & McCarthy,
1975; Goering et al., 1966). During blooms of Trichodesmium spp., combined
N concentrations have been reported to be high relative to the sUITounding
waters (Karl et al., 1992; Devassy, 1987). Given the metabolic cost of fixing
N2, it seems surprising that natural populations of Trichodesmium spp. would
not utilize N recycled from recent N2 fixation. Cultures of Trichodesmium
NIBB 1067, a Kuroshio isolate, grow weil on N-free media but also grow at
comparable rates on NO; and urea-enriched media (Ohki et al., 1986).
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Little is known about how Trichodesmium spp. regulate N2 fixation,
although recent reports from studies on natural and cultured populations of
Trichodesmium suggest that these species may have an endogenous rhythm
controlling N2 fixation (Capone et al., 1990; Chen et al., 1996). Nitrogenase,
the enzyme responsible for N2 fixation, undergoes a diel cycle in Trichodes-
mium spp. in which enzyme is synthesized during the pre-dawn period, acti-
vated during the light period and modified and destroyed during the dark
period (Capone et al., 1990; Zehr et al., 1993). Capone et al. (1994) also
observed that the intracellular glutamine/glutamate (gin/glu) ratio paralleied
the pattern of N2 fixation in natural populations of T thiebautii suggesting that
N metabolism and nutritional status are linked to nitrogenase activity. Recent
results suggest that nitrogenase may not occur in every cell along a filament or
within a colony (Bergman & Carpenter, 1991; Janson et al., 1994). If this is the
case, the extracellular transfer of fixed N between cells fixing N2 and those that
are not, requires that cells have a capacity for N uptake. In these studies we
investigate the capacity of Trichodesmium spp. to utilize combined N sources
during growth under N2 fixing conditions and during growth on NO) and urea.
We also exarnined the sensitivity of N2 fixation in Trichodesmium spp. to
changes in the availability of combined N during various portions of this diel
cycle and the effect of the N source on the intracellular gin/glu ratios.
METHOOS
Field experiments
Experiments were conducted aboard the RN Seward Johnson in the Atlan-
tic Ocean and the Caribbean Sea. Trichodesmium spp. colonies were col-
lected in net tows (202 Ilm mesh) and transferred to glass fiber (GFIF with
nominal pore size of about 0.7 Ilm) filtered low-N seawater using inoculating
loops. Colonies were counted into 60 ml polycarbonate incubation bottles
containing 50 ml filtered seawater for 15N incubations (20 colonies per incu-
bation) or 14 ml glass serum vials containing 10 ml filtered seawater for N2
fixation measurements (10 colonies per incubation). Rates of NH;, NO),
urea, glutamate, and mixed amino acid uptake were measured in natural pop-
ulations of Trichodesmium spp. from the Atlantic Ocean and the Caribbean
Sea and in cultures of Trichodesmium NIBB 1067 using 15N tracer techniques
(Glibert & Capone, 1993). N2 fixation was measured by acetylene reduction
using a Shimadzu Mini-II gas chromatograph fitted with a flame ionization
detector (Capone, 1993) and 15N uptake was measured by mass spectrometry
(Glibert & Capone, 1993). Trichodesmium colonies were extracted in per-
chioric acid, and neutra1ized extracts were analyzed for amino acids by high
performance liquid chromatography (HPLC) (Cowie & Hedges, 1992).
Culture experiments
Cultures of Trichodesmium NIBB1067 were maintained on an artificial
seawater medium (Ohki & Fujita, 1982; Ohki et al., 1986) in temperature
controlled incubators under a 12L:12D light cycle. Cultures of Trichodes-
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mium IMS 101 were maintained on modified seawater medium (Prufert-
Bebout et al., 1993) in temperature controlled incubators under a 14L:lOD
light cycle. Incubations for 15N uptake and N2 fixation measurements were
conducted by placing 20 ml or 10 ml, respectively, of culture into 24 ml glass
serum vials, inoculating the culture with 15N substrate or acetylene and mea-
suring 15N uptake or ethylene production, as indicated above, after an incuba-
tion period. A!iquots of Trichodesmium cultures were gently collected onto
filters, extracted and analyzed for intracellular amino acids as described
above.
RESULTS AND DISCUSSION
Both natural and cultured populations of Trichodesmium showed a rela-
tively high affinity for NH~ (Fig. 1). Kinetic studies performed on Trichodes-
mium NIEB 1067 grown on N-free media showed that Ks values for NO;
> urea > glutamate > NH~ (Mulholland et al., in prep.). Maximum uptake
capacity (Vmax) for urea and NH~ were similar and slightly greater than that
measured for glutamate. For NO;, Vmax values were very low indicating !ittle
capacity for NO; uptake. It is likely that sorne induction period is necessary
for NO; utili zation.
In cultures of Trichodesmium NIBB1067, NH~ uptake and N2 fixation
proceeded simultaneously at comparable rates during the day (Fig. 2). Rates
of NO; and glutamate uptake were low relative to N2 fixation in both Tri-
chodesmium NIEB 1067 and IMS 101. Total N utilization was highest during
the light period. Glutamate uptake was low but consistent throughout the diel
cycle. In Na; and urea grown cultures of Trichodesmium NIBB 1067, N2 fixation
proceeded at much lower levels during mid-day. NO; uptake was highest in
the early morning and decreased during the period of maximum N2 fixation.
A second peak in NO; uptake occurred during the afternoon but uptake was
depressed during the dark period. The high affinity of Trichodesmium
NIEB 1067 cultures and natural populations for NH~ may enable cells to uti-
lize NH~ that is released from N2 fixing cells or otherwise available in the
environment at low concentrations (Jess than about 2 !lM). Low concentra-
tions of NH~ (Jess than about 2 !lM) in the culture media or added to sea-
water incubations did not inhibit N2 fixation. Previous observations that NH~
inhibits N2 fixation either directly or indirectly, were generally made at higher
concentrations of NH~ (e.g., greater than 100 !lM) (Guerrero and Lara, 1987).
Based on kinetic studies, urea and NO; appear to be poor sources of N for
natural populations of Trichodesmium spp. growing in oligotrophic seas. How-
ever, cultures of Trichodesmium NIBB 1067 grow weil on these substrates
indicating that there is a capacity for uptake. For NO; an induction period
may be necessary for its utilization. Glutamate and amino acids can be utilized
by Trichodesmium spp., but uptake rates for these compounds are lower than
for NH~. The utilization of various N sources can he enhanced by pre-condi-
tioning cells on an N substrate. N2 fixation was inhibited over time when cells
were exposed to high concentrations (more than 10 !lM) of nutrients or when
nutrients were supplied during the dark when N2 fixation was not occurring.
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Figure 2. The percent contribution of N2 fixation, NH; uptake, and glutamate
uptake to the total measured daily N utilization in Trichodesmium NIBBI067 grown
on N-free medium. NO; uptake was < 1% of the total measured N utilization during
the light period and so does not appear on the chart. Heavy lines on the X-axis indi-
cate the dark period.
Nutrient additions did not immediately affect N2 fixation when supplied at low
concentrations (1 IlM) but did over time, particularly when supplied during the
dark period. N2 fixation was usually inhibited at the onset of the subsequent
light period when nutrients were added during the dark period. Uptake of var-
ious N sources generally increased in proportion to their supply. Stimulation
of NH!, glutamate and amino acid uptake by additions of the respective N
source was immediate. NO) additions stimulated uptake onJy over time and
during the daytime suggesting a need for induction of uptake systems and an
energy requirement for its uptake. Lower additions (1 /lM) of various N
sources did not affect N2 fixation but did stimulate uptake while higher addi-
tions (10 /lM) both stimulated uptake and depressed N2 fixation.
The intracellular gin/glu ratio varied on a diel basis in Trichodesmium
NIBB 1067 cultures grown on N-free media or on NO; enriched media and in
natural populations of Trichodesmium spp. from oligotrophic seas. In NO;
grown cultures, the gin/glu ratio was highest during the period of maximum
N utilization, just before the period during which the highest N2 fixation rates
were measured. The highest gin/glu ratios were similar in magnitude (about 0.3)
for both cultures. In urea-grown cultures, urea uptake proceeded throughout
the diel cycle and the gin/glu ratio changed much less on a diel basis. These
results suggest that the nutritional status of Trichodesmium cells is sensitive
to the N source.
The uptake of NH; and glutamate during periods of N2 fixation may be an
important adaptation allowing Trichodesmium colonies growing in oligo-
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trophic environments ta retain recently fixed N2 and support growth. The
observation that NH; uptake appeared to be tightly coupled with NH;
release supports this assertion. However, glutamate uptake did not vary much
with respect to the diel cycle or the concentration of glutamate in the culture
media indicating that uptake of this metabolite may not be tied as closely with
N2 fixation.
REFERENCES
BERGMAN B., CARPENTER EJ., 1991. - Nitrogenase confined to randomly distri-
buted trichomes in the marine cyanobacterium Trichodesmium thiebautii. -
1. Phycol., 27,158-165.
CAPONE D.G., ZEHR lP., PAERL H.W., BERGMAN B., CARPENTER EJ., 1997. -
Trichodesmium, a globally significant marine cyanobacterium. - Science, 276,
1221-1229.
Capone D.G., 1993. - Determination of nitrogenase activity in aquatic samples
using the acetylene reduction procedure. - ln: Kemp PE, Sherr B.E, Sherr E.B.,
Cole U. (eds), Handbook of Methods in Aquatic Microbial Ecology, Lewis Pubs,
NY,621-631.
Capone D.G., Ferrier M.D., Carpenter EJ., 1994. - Amino acid cycling in colonies
of the planktonic marine cyanobaeterium, Trichodesmium thiebautii. - Appl.
Environm. Microbiol., 60, 3989-3995.
CAPONE D.G., D'NEIL J.M., ZEHR l, CARPENTER EJ., 1990. - Basis for diel varia-
tion in nitrogenase aetivity in the marine planktonie eyanobaeterium Trichodes-
mium thiebautii. -Appl. Environm. Microbiol., 56, 3532-3536.
CARPENTER EJ., 1983. - Nitrogen fixation by marine Oscillatoria (Trichodesmium)
in the World's Oceans. - ln: Carpenter EJ., Capone D.G. (eds), Nitrogen in the
Marine Environment. Academie Press, New York, 65-103.
CARPENTER EJ., MCCARTHY U., 1975. - Nitrogen fixation and uptake of eombined
nitrogenous nutrients by Oscillatoria (Trichodesmium) thiebautii in the western
Sargasso Sea. - Limnol. Oceanogr., 20, 389-401.
CHEN Y-B., ZEHR lP., MELLON M., 1996. - Growth and nitrogen fixation of the
diazotrophie filamentous nonheteroeystous eyanobaeterium Trichodesmium sp.
IMS 101 in defined media: evidence for a eircadian rhythm. - J. Phycol., 32, 916-
923.
COWIE G.L., HEDGES J.I., 1992. - Improved amino aeid quantification in environ-
mental samples: eharge-matehed recovery standards and reduced analysis time. -
Mar. Chem., 37,223-238.
DEVASSY Y.P., 1987. - Trichodesmium red tides in the Arabian Sea. -ln: Contri-
butions in Marine Sciences, Dr. s.z. Qasim Sastyabdapurti felicitation Volume,
61-66.
GUBERT P.M., BANAHAN S., 1988. - Uptake of eombined nitrogen sources by
Trichodesmium and pelagie mieroplankton in the Caribbean Sea: eomparative
uptake eapacity and nutritional status. - EOS, 69, 1089.
GUBERT P.M., CAPONE D.G., 1993. - Mineralization and assimilation in aquatie,
sediment, and wetland systems. -ln: Knowles R., Blackburn T.H. (eds), Nitrogen
Isotope Techniques. Academie Press, Ine, 243-271.
284 Bulletin de l'Institut océanographique. Monaco. n° spécial 19 (1999)
UTILIZATION OF COMBINED FORMS OF N IN POPULATIONS OF TRICHODESMIUM
GOERING J.J., DUGDALE R.c., MENZEL D.W., 1966. - Estimates of in situ rates of
nitrogen uptake by Trichodesmium sp. in the tropical Atlantic Ocean. - Limnol.
Oceanogr., 11,614-620.
GUERRERO M.G., LARA c., 1987. -Assimilation ofinorganic nitrogen. - In: Fay P.,
Van Baalen C. (eds), The Cymwbacteria. Elsevier Science Publishers, 163-186.
JANSON S., CARPENTER EJ., BERGMAN B., 1994. - Compartmentalisation of nitroge-
nase in a non-heterocystous cyanobacterium: Trichodesmium contortum. - FEMS
Microb. Leu., 118, 9-14.
KARL D.M., LETELIER R., HEBEL D.V., BIRD D.F., WINN C.D., 1992. - Trichode-
smium blooms and new nitrogen in the North Pacifie Gyre. - In: Carpenter E.J.,
Capone D.G., Rueter J.G. (eds), Marine Pelagie Cyanobacteria: Trichodesmium
and other Diazotrophs. Kluwer Academie Publishers, 219-237.
MAGUE T.H., MAGUE F.C., HOLM-HANSEN O., 1977. - Physiology and chemical
composition of nitrogen-fixing phytoplankton in the central North Pacifie Ocean.
- Mar. Biol., 41,213-227.
OHKI K., FUJITA Y., 1982. - Laboratory culture of the pelagie blue-green alga
Trichodesmium thiebautii: conditions for unialgal culture. - Mar. Ecol. Prog. Ser.,
7,185-190.
OHKI K., RUETER J.G., FUJITA Y., 1986. - Cultures of the pelagie cyanophytes
Trichodesmium erythraeum and T. thiebautii in synthetic medium. - Mar. Biol.,
91,9-13.
PRUFERT-BEBOUT L., PAERL B.W., LASSEN c., 1993. - Growth, nitrogen fixation,
and spectral attenuation in cultivated Trichodesmium species. - Appl. Environm.
Microbiol., 59 (5),1367-1375.
SAINO T., 1977. - Biological nitrogen fixation in the ocean with emphasis on the
nitrogenfixing blue-green alga Trichodesmium and its significance in the nitrogen
cycling in the low latitude sea areas. - Ph.D. Thesis, University of Tokyo, Ocean
Research Institute, Japan, 153 p.
ZEHR J.P., WVMAN M., MILLER v., DUGUAVL., CAPONE D.G., 1993. - Modification
of the Fe protein of nitrogenase in natural populations of Trichodesmium thiebau-
tii. -Appl. Environm. Microbiol., 59,669-676.
Bulletin de l'Institut océanographique, Monaco, n° spécial 19 (1999) 285

A possible raIe of temperate phage
in the regulation
of Trichodesmium biomass
Kaori OHKl
Department ofMarine Science, School ofMarine Science and Technology,
Tokai University, Shimizu, Shizuoka 424-8610, Japan
ohki@scc.u-tokai.ac.jp
The pelagic cyanobacterium Trichodesmium is distributed widely in tropi-
cal and sub-tropical oceans. Trichodesmium is an important primary producer
because of its large biomass and its ability to fix N2 under aerobic conditions
(Capone et al., 1997). Rapid disappearance of Trichodesmium blooms have
been observed in the natural habitat. The grazing action of zooplankton may
contribute to the rapid disappearance of blooms (O'Neil & Roman, 1991).
However the mechanisms of the rapid disappearance of Trichodesmium
bloom have not been fully elucidated. A sudden celllysis (usually within one
to two days) has often been observed in Trichodesmium (Trichodesmium sp.
NIBB 1067) after the cultures have reached the stationary growth phase or
when cells were exposed to stressful conditions, e.g. a sudden temperature
change. A cell lysis similar ta that observed in Trichodesmium cultures was
also found ta occur in marine cyanobacterium, Phormidium persicinum
(Provasoli strain). We have found that this strain harbors a temperate phage.
Rapid cell lysis occurred when the lysogenic phage entered the lytic cycle
(Ohki & Fujita, 1996). Later, we found that the infection of temperate phage
occur with rather high frequency in marine Phormidium species (Ohki &
Sudo, unpublised data). To investigate whether a temperate phage plays a role
in the rapid disappearance of Trichodesmium, a survey of phage infections in
Trichodesmium cells was performed using the cultured strain NIEB 1067 and
field samples collected from Caribbean Sea.
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MATERIALS AND METHODS
Trichodesmium sp. NIBB 1067, isolated from Kuroshio Waters near Japan
in 1983, was the same strain used in previous studies (Ohki et al., 1992). Cul-
ture medium and growth conditions were the same as those used in our previ-
ous work (Ohki et al., 1986, 1992). The field samples of Trichodesmium sp.
were collected from the waters around Carrie Bow Cay, Belize on May 17,
19, 21 and 22, 1996. The Iytic cycle of the lysogenic phage was induced by
the addition of mitomycin C. The procedures for isolation of phage particles
from the celllysate, for analysis of phage DNA and proteins and for prepar-
ing specimens for electron microscopy were the same as those used in the
previous paper (Ohki & Fujita, 1996).
RESULTS AND DISCUSSION
A rapid cell Iysis of Trichodesmium in culture was artificially caused by
the addition of mitomycin C (0.2 to 1 ~g/ml) even when cells were growing
exponentially. A rapid celllysis did not occur by the addition of other inhi-
bitors, rifampicin (RNA synthesis inhibitor, 10-4 M), puromycin (protein
synthesis inhibitor, 5 x 10~5 M), erythromycin (protein synthesis inhibitor,
1.5 x 10-5M) or chroramphenicol (protein synthesis inhibitor, 1.5 x 10-5M).
The first sign of the celllysis induced by the addition of mitomycin C was an
increase of in vivo fluorescence emitted from phycoerythrin. Then phyco-
biliproteins leaked out from the cells into the medium. Changes in cellular
structures were also started at this stage. Thylakoids, which were arranged in
parallel with regular spacing at the peripheral part of cells before the mitomy-
cin C treatment, were separated with vacuolated area 8 to 10 hrs after the
addition of mitomycin C. The vacuolated areas expanded gradually. Sorne of
the vacuolated areas were filled with fiber-like structures. The destruction of
ail intracellular structures except gas vesic1es was followed by complete cell
Iysis. Phage-like particles were often observed in cells before the time of cell
Iysis (Fig. 1). Complete cell Iysis was observed about 24 to 30 hrs after the
addition of mitomycin C. Phage partic1es having a polyhedral head (about
50 nm in diameter) were isolated from the celllysates (Fig. 2). The morpho-
logical characteristics of this phage were similar to those of the Cyanopodo-
viridae family phage (Safferman et al., 1983) These results c1early demonstrate
the occurrence of a temperate phage in Trichodesmium sp. NIBB1067. DNA
isolated from phage partic1es was digested by the restriction endonucleases
BamHI, EcoRI, HaeIII, Saw3AI, SmaI, but the digestion was incomplete. The
phage DNA failed to be digested with the restriction endonucleases Hind III,
KpnI and Xbai. Fourteen polypeptide were found by SDS polyacrylamide gel
electrophoresis. The apparent molecular masses of the major components
were about 60 kDa, 30 kDa and 18 kDa.
The addition of mitomycin C also caused celllysis of the field samples of
Trichodesmium sp. collected from the fore-reef waters of Carrie Bow Cayo
Cells of Trichodesmium sp. collected from the fore-reef waters were dark-
brown in color, and trichomes were arranged in parallel forming a tight colony.
The color of the trichome became light brown to yellowish green 12 to 15 hr
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Figure 1. Electron microscopie observation of cell Iysis: Cells 21 hrs after the addi-
tion of mitomycin C: Phage-like particles are indicated by arrows. C = ceU wall:
T = thyJakoids. Scale bar =500 !lm.
Figure 2. Morphology of phage particles: Phage particles were isolated from the
algal Iysate, fixed with glutaraldehyde (l % in culture medium) and negatively
stained by the aqueous solution of urany1sulfate (1 %). Scale bar = 100 !lm.
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after the addition of mitomycin C. The arrangement of trichomes in each
colony became loose. Changes in cellular structure similar to those seen in
strain NIBB 1067 were observed after the addition of mitomycin C. Complete
celllysis occurred about 18 to 24 hrs after the addition of mitomycin C. Rapid
celllysis did not observe in control cells without addition of mitomycin C. As
the addition of mitomycin C induces the lytic cycle of lysogenic phages in
bacteria and cyanobacteria, these observations suggested that field samples of
Trichodesmium sp. also harbored a temperate phage. Trichodesmium is abun-
dant in fore-reef waters around Came Bow Cayo It enters the lagoonal side at
the time of high tide, and then disappears rapidly (Villareal, 1997). Most of
Trichodesmium colonies collected at the time of low tide in the coastallagoon
were light brown to yellowish green in color, and the arrangement of tri-
chomes in each colony was not as tight as those found in fore-reef waters.
They tend to disappear within a short time after the collection even when they
were incubated in fore-reef waters with or without nutrient enrichments. The
cellular structures of Trichodesmium collected in the lagoon before their dis-
appearance were similar to those of mitomycin C-treated Trichodesmium. The
vacuolated areas expanded, and the arrangement of thylakoids became irreg-
ular. Capsid-like particles were sometimes found around the trichomes, but it
was not clear whether these particles were phages or an artifact introduced
during preparation of the specimens.
There have been many reports of the occurrence of viruses and phages not
only in polluted coastal waters but also in clean open ocean waters (Bratbac
& Heldal, 1995). Recent studies suggest that cyanophages play an important
ecological role (Carr & Mann, 1994). Suttle & Chan (1993) estimated that 5
to 7% of Synechococcus cells are lost by phage infections in the western Gulf
of Mexico and Aransas Pass, Texas. These estimations were made only for
virulent phages, and there is no evidence of virulent phage(s) infecting Tri-
chodesmium. The results presented here suggest the occurrence of a temper-
ate phage infecting Trichodesmium. In bacterial populations infected with a
temperate phage, it is well known that sorne of the host cells are killed
because there are always sorne cells in which the lysogenic phages enter the
lytic cycle. The fraction of phages in the lytic cycle depends on many factors
including physiological conditions of the host cells. The biomass of Trichodes-
mium populations harboring temperate phage may regulated in such manner.
After the cell density becomes high, unknown factor(s), e.g. nutrient limita-
tion, may increase the proportion of lysogenic phage in the lytic cycle, and
Trichodesmium blooms disappear rapidly. It is possible that the temperate
phage(s) establishing lysogeny in Trichodesmium plays an important role in
the food web in oligotrophic oceans.
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ABSTRACT
This paper reviews the interactions ofherbivorous grazers of Nrfixing cyano-
bacteria in various marine habitats, and the ramifications for nutrient cycling in a
cyanobacterial based food-web. Nitrogen (N) is a primary limiting nutrient to
primary productivity in many marine systems, particularly oligotrophic tropical
and subtropical regions. Herbivorous marine grazers are also often N-limited, as
animal tissue has a greater proportion of N per unit weight than plant material.
Marine cyanobacteria exist as both single-celled, colonial and filamentous forms
in pelagie and benthic habitats, many of which are capable of nitrogen fixation,
and hence have high N content. However, cyanobacteria are generally consid-
ered a poor food source compared with eukaryotic marine plants due to their
often toxic nature, large colonial morphology and less than complete nutritional
content. Despite these constraints, there are grazers in ail marine environments
that have adapted to utilizing cyanobacteria as a food source. In many cases
cyanobacteria are the food source of last resort for generalist feeders (e.g. many
herbivorous fish); whereas in other cases cyanobacteria are the preferred food
source of specialist feeders (e.g. harpacticoid copepods, sea hares). One factor in
accepting a less than ideal food source may be the high N-content of N2-fixing
(diazotrophic) cyanobacteria. In a nitrogen-limited environment, ready access to
a high N source that is not generally exploitable by other grazers may be an
important adaptive trade-off for existence in oligotrophic environments, where
diazotrophic cyanobacteria often flourish.
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INTRODUCTION
Nitrogen (N) availability is a key factor limiting primary productivity in
many marine systems (Dugdale & Goering, 1967; Thomas, 1970; Ryther &
Dunstan, 1971, cf. Hecky & Kilham, 1988). Oligotrophic tropical and sub-
tropical regions which are therrnally stratified, are often N-depauperate and
there is strong selection for Nz-fixing (diazotrophic) cyanobacteria. Diazo-
trophic cyanobacteria can have a major impact on surrounding water column
nutrient status, as weIl as affecting phytoplankton and zooplankton assem-
blages (Revelante & Gilmartin, 1982; Karl et al., 1992; Glibert & O'Neil, this
volume). Trophic fate and nutrient regeneration are aspects of cyanobacterial
research that have received little attention in the marine environment.
Nitrogen limitation is also a factor affecting secondary production, as her-
bivorous grazers in both aquatic and terrestrial environments are often N lim-
ited (Mattson, 1980; Mann, 1982). Animal tissue contains approximately
twice as much N as plant material (Mattson, 1980) which is converted to
animal biomass at quite variable efficiencies from below 50 % (Mattson,
1980) to up to 91 % efficiency in sorne tropical copepods, which may be due
to high metabolic demand (Gerber & Gerber, 1979). However efficiencies for
temperate copepods can range from 46-77% (Downs & Lorenzen, 1985).
Therefore, herbivores must often consume plant material at a ratio of 4 units
of plant material for 1 of animal tissue (Mattson, 1980). As a consequence of
N being a scarce commodity, there is selection pressure in many environ-
ments for herbivorous grazers to evolve specific behavioral, morphological
and physiological adaptations to utilize the N sources found in their environ-
ments (Mattson, 1980). Associating with aN-fixing organism is one such
mechanism.
Herbivorous grazing on cyanobacteria is a topic that has generally received
more research attention in freshwater environments given the human proxim-
ity and potential health impacts of toxic cyanobacterial strains in drinking
water supplies for both humans and animaIs (Carmichael, 1994; review
Christoffersen, 1996). Kerfoot (1980) noted that there was a "regrettable
bias" towards freshwater environments and postulated that this was in sorne
part due to the fact that investigating oceanic species was more difficult to
achieve than research on freshwater species and systems that could be more
easily manipulated. This is reflected in the abundance of investigations on
freshwater cyanobacterial grazing, particularly by cladocerans, rotifers and
sorne copepods. There have been recent reviews summarizing the impacts of
freshwater cyanobacteria on aquatic food webs (Christoffersen, 1996), as
weIl as the trophodynamics of bloom forming estuarine species (Sellner,
1992, 1997). There appears to be a growing awareness, however, of the
importance of marine cyanobacteria and their role in ocean nutrient cycling
and biogeochemistry (Kilham & Hecky, 1988; Capone et al., 1997; Carpenter
et al., 1997; Karl et al., 1997).
Diazotrophic cyanobacteria are extremely important in introducing "new"
nitrogen (N) into oceanic systems (Dugdale & Goering, 1967). Given the
abundance of many bloom forming filamentous cyanobacteria and prokaryo-
tic picoplankton in the marine environment, the impact of these organisms on
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the oeeanie food web and their role in the food-web of these systems is very
under-studied. However, it is apparent from recent research that pelagic nutri-
ent dynamics and community structure can be very much altered by a cyano-
bacterial-based food web. In general, there is a shift from diatom based
ecosystems dominated by macrograzers resulting in flux driven partic1e
export of productivity, to systems based on remineralization, with microbially
dominated dissolved-material based productivity that is not exported from the
euphotic zone (Stockner, 1988; Karl et al., 1997; Sellner et al., 1992; Paerl,
1996).
Cyanobacteria are generally considered to be a poor food source due to
toxicity, low nutritional value (i.e. they are often lacking in essential fatty
acids), or difficult morphology to ingest. Additionally, gas vesic1es reduce the
volume of nutritive material in each cell (Wood, 1974; Porter & Orcutt, 1980;
Harwood et al., 1988). These properties of cyanobacteria can also result in a
large expenditure of energy by grazers in terms of handling, digestion and
detoxification, that can greatly reduce the overall energy gained from inges-
tion (Porter & Orcutt, 1980). Despite these factors, there are grazers adapted
to utilize cyanobacteria successfully as a food source in ail environments and
sorne freshwater cyanobacteria are digested and assimilated as easily as
eukaryotie algae of high food quality (Arnold, 1971; Lampert, 1977). Zoo-
plankton differ in their abilities to utilize, detoxify or discriminate against
cyanobacteria (Porter & Orcutt, 1980) and furthermore, toxicity and nutri-
tional quality can vary among genetieally different strains and among differ-
ent growth phases of the same strain (Carmichael & Gorham, 1977). Dealing
with a less than optimal food source may be a trade-off in an N-limited envi-
ronment for a ready supply of N. This would confer sorne selective advan-
tage, as the N supply is not exploitable by the majority of organisms that are
not adapted to cyanobacteria as a food source.
This paper gives an overview of grazer-cyanobacterial interactions in vari-
ous marine environments, focussing on those free-living species capable of
Nz-fixation (Table 1). It is interesting to note that in the fully marine environ-
ment (i.e. not estuarine), the majority of the successful cyanobacteria are non-
heterocystous (Paerl, 1996). These different types of cyanobacteria exist in
the pelagie zone as: a) single celled, non-filamentous forms (e.g. Synechococcus);
and b) colonial filamentous forms (e.g. Trichodesmium; Nodularia-estuarine
environments) and also occur in benthic habitats (e.g. Lyngbya; Oscillatoria).
Table 1. Marine Cyanobacteria mediating Nz-fixation
(adapted from Paerl et al., 1990).
Non-heterocystous filamentous Trichodesmillm, Lyngbya, Microcolells,
Oscillatoria
Non-heterocystous, non filamentous Synechococcus, Gloeothece
Heterocystous, filamentous Calothrix, Scytonema, Nostoc, Richelia
and others: Estuarine: Nodularia, Aphani-
zomenon
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Cyanobacteria are also found in intracellular symbioses (Richelia), and grow-
ing epiphytically (Calothrix; Scytonema, Hyella), but are beyond the scope of
this review. Grazers of both unicellular (coccoid) and filamentous forms in
pelagie and benthic habitats will be reviewed. Adaptations for utilization of
diazotrophic cyanobacteria to maximize N acquisition by grazers will be dis-
cussed as weil as how cyanobacterial-based food webs differ from eukaryotic
algae-based food chains in terms of nutrient dynamics and trophic fates.
Additionally, the potential for co-evolution between cyanobacteria and spe-
cialized grazers will be discussed.
UNICELLULAR CHROOCOCCOID CYANOBACTERIA
Single-celled cyanobacteria make up a significant fraction of the pico-
plankton, and are key components in C metabolism and energy transfer
within the microbial loop. It has been established that these organisms con-
tribute substantially to pelagie food-webs, particularly in oligotrophic regions
through heterotrophic flagellate and ciliate grazing. Metazoan filter-feeders
can also effectively utilize single-celled cyanobacteria.
Pelagie environment
There are up to 100 planktonic species of cyanobacteria in freshwater hab-
itats of which approximately 20 are capable of forming dense blooms (Water-
bury et al., 1986). There are far fewer pelagie cyanobacteria in marine
habitats. The two most abundant and weil known marine genera are the fila-
mentous Trichodesmium and the unicellular Synechococcus (Waterbury et al.,
1986).
Prokaryotic picoplankton (Synechococcus, Prochlorococcus and Syne-
chocystis) can constitute a major percentage of primary productivity and bio-
mass in pelagie environments. In the open ocean coccoid cyanobacteria are
often the dominant photoautotrophs and can account for up to 64% of the total
primary productivity (Johnson & Sieburth, 1979; Waterbury et al., 1979; Itur-
riaga & Mitchell, 1986; Charpy & Blanchot, 1996; Charpy & Blanchot, 1998).
In the last decade or so the fate of picoplankton production has been a bur-
geoning field of research, indicating that prokaryotic picoplankton and their
grazers can form a major link in C transfer in the pelagie food web (Iturriaga
& Marra, 1988). It has been demonstrated that a large percentage of the pico-
prokaryotic biomass in the open ocean can be efficiently grazed at rates close
to the cyanobacteria's growth rates (Waterbury et al., 1986) by a diverse
range of micrograzers, including flagellates, ciliates, cladocerans, copepods
and other metazoans (Johnson et al., 1982; Stockner, 1988; Christaki et al.,
1988). Ingestion by calanoid copepods has been shown, but not assimilation
(Johnson et al., 1982). Specifie grazing rates have also been determined on
whole water samples using the grazer dilution method (Landry et al., 1984;
Ayukai, 1996).
A significant portion of picoplanktonic production is consumed by hetero-
trophic nanoflagellates (flagellated protozoa less than 20 /lm) (Ochs & Eddy,
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1998). It has been estimated that 35-100% of the standing crop of Synecho-
coccus can be grazed per day (Campbell & Carpenter, 1986). The effective
utilization of Synechococcus by micrograzers has been demonstrated using
autoradiography, with a significant trophic transfer occurring between the
cyanobacterial picoplankton and grazers (Iturriaga & Mitchell, 1986). A signi-
ficant portion of Prochlorococcus growth (20-116%) can also be consumed
per day by micrograzers (Liu et al., 1995), and as in Synechococcus, there is
a tight coupling between growth rates and grazing rates of Prochlorococcus
(Landry et al., 1995).
Pelagic invertebrates have also been shown to ingest prokaryotic pico-
plankton. Larvae of the crown of thorns starfish, Acanthaster planci ingested
coccoid cyanobacteria on the Great Barrier Reef, Australia, however the
ingestion of these cells was at a lower rate than the less abundant co-occurring
eukaryotic phytoplankton (Okaji et al., 1997). Larvae of the bivalve Merce-
naria mercenaria also ingest prokaryotic picoplankton, removing between
12-24% of the Synechococcus sp. biomass in Vineyard Sound, Massachu-
setts, USA (Gallagher et al., 1994). Additionally, the marine cladoceran,
Penilia avirostris, has also been shown to ingest picoplanktonic cyanobacte-
ria and plays and important role in the microbialloop in the Gulf of Trieste in
the Northern Adriatic Sea (Lipej et al., 1997).
Benthic environment
Benthic macroinvertebrates have been shown to efficiently remove and uti-
lize picoprokaryotes from the water column. The sponge Mycale lingua
removed 93% of Prochlorococcus and 89% of the Synechococcus-type
cyanobacteria in the Gulf of Maine (Pile et al., 1996). The sponges Ircinia
strobilina and I. felix had a diet that consisted primarily of prokaryotic cells,
with removal efficiencies of up to -50% for both Synechococcus and Prochlo-
rococcus in a coral reef environment (Pile, 1997).
A soft coral without symbiotic zooxanthellae, Dendronephthya hemp-
ruchi, was found to have a diet that consisted primarily of Synechococcoid
cyanobacteria in the Red Sea (Fabricus et al., 1998). Similarly, high (> 60%)
feeding efficiency was found on Synechococcus and Prochlorococcus by two
species of the bivalve Lithophaga; the sponges Cliona mussae, Mycale fistu-
lifera , Suberites clavatus and the ascidians Halocynthia gangelion and
Didemnum candidum (Yahel et al., 1998). The adult hard clam Mercenaria
mercenaria has also been shown to remove cyanobacterial picoplankton from
the water column, however with assimilation efficiencies ranging from 17-
31 %, as compared with assimilation efficiency of 86% for eukaryotic algal
species normally used in clam culture (Bass et al., 1990).
Unicellular picoplankton such as Synechocystis, Synechococcus, Merismo-
pedida and Gleothece can at times contribute significantly to the productivity
and biomass in benthic environments (Paerl et al., 1993). However, very few
unicellular cyanobacteria have quantitatively been shown to fix nitrogen
(Gloethece being the first demonstrated by Wyatt & Silvey, 1969 as cited in
Carr & Wyman, 1986) (Table 1). While it has been known for some time that
Synechococcus strains do possess the nif gene for the nitrogenase enzyme
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(Rippka & Waterbury, 1977), Waterbury et al. (1986) reported that in 18 axenic
strains of Synechococcus the ability to synthesize nitrogenase was not induc-
ible in culture. There are only a few studies with evidence of measurable
nitrogenase activity by Synechococcus, including one strain from rice paddies
(Huang & Chow, 1986) and field measurements including a marine strain
from the South Pacific (Charpy-Roubaud et al., 1997). If indeed these pico-
prokaryotes are able to fix nitrogen, the macroinvertebrate grazers may be
selecting for the high N content in these organisms over the eukaryotic plank-
ton. By feeding on cyanobacteria, benthic macroinvertebrates influence the
planktonic community composition and may aid in the introduction of "new"
nitrogen from these potential diazotrophs into the food web.
In the marine environment there are no reports ofunicellular cyanobacteria
having toxic effects on grazers. In freshwater, the unicellular cyanobacterium
Microcystis produces potent toxins that can affect grazers (Carmichael et al.,
1990; Fulton & Pearl, 1987a). Microcystis also has the ability to form colo-
nies which has also been interpreted as a grazer defense mechanism (Fulton
& Paerl, 1987b; Lampert et al., 1994). The presence of Microcystis affected
the filtering rates of the cladocerans Ceriodaphnia and Daphnia and Bosmia
(Demott et al., 1991; Fulton & Paerl, 1987a).
FILAMENTOUS COLONIAL CYANOBACTERIA
Filamentous, colony-forming cyanobacteria are the most conspicuous
marine cyanobacteria. Both heterocystous and non-heterocystous forms of
filamentous diazotrophic cyanobacteria occur in pelagic and benthic environ-
ments, although there is more diversity in benthic habitats. Due to the persist-
ence and extent of many filamentous cyanobacterial blooms in the marine
environment it is generally thought that cyanobacteria experience very little
grazing pressure and that the bulk of cyanobacteria biomass is subject to
microbial decomposition (Sellner, 1992, 1997).
Pelagie Environments
Relative to other phytoplankton, cyanobacteria generally have lower
growth rates (Paer! & Millie, 1996). However several factors can provide fila-
mentous cyanobacteria opportunity to form blooms. These bloom inducing
factors (Paer! &, Millie 1996) include the following:
1. buoyancy;
2. plasticity in photosynthetic pigments, i.e., increased light harvesting and
storage ability;
3. nitrogen fixation capability.
Trichodesmium, a colonial filamentous cyanobacteria without heterocysts,
is the most abundant bloom- forming cyanobacterium in pelagic marine envi-
ronments. Trichodesmium spp. has a pan-global distribution in oligotrophic
surface waters of tropical and subtropical oceans (Carpenter, 1983; Capone et
al., 1997). The water column in these oceans is generally very stable, with
low nutrient concentrations, clear water, high light penetration, with upper
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mixed layers that do not exceed approximately 100 m (Capone et al., 1997).
These conditions aid in the development of conspicuous surface blooms
(Paerl, 1988) which have been estimated in the Arabian Sea as covering areas
of up to 1 X 106 krn2 (Capone et al., 1997). These massive aggregations of Tri-
chodesmium can have profound effects on nutrient dynamics and trophic
structuring (Fumas et al., 1993; Karl et al., 1992, 1997; Capone et al., 1997).
Trichodesmium has a relatively slow growth rate with approximately 3-5 day
doubling time, which may be an adaptation for exploiting the high energy, but
low nutrient conditions of the oligotrophic oceans (Capone et al., 1997). Low
growth rates and high biomass are common strategies for algae inhabiting
physically stable, nutrient-poor environments (Reynolds, 1995). The ability
of Trichodesmium spp. to fix nitrogen is weil documented (Carpenter, 1983;
Capone & Carpenter, review this volume), and undoubtedly aids in its success.
As physical substrates are often limiting in the open ocean, colonies of Tri-
chodesmium often become "rafts" for a myriad of associated organisms, as
weil as oases of nutrients. Many colonies are consortial entities, creating
complex nutrient processes within the community (Borstad & Borstad, 1977;
Borstad, 1978; O'Neil & Roman, 1992). Trichodesmium colonies in the
pelagie zone often consist of a micro-community of associated organisms
ranging from bacteria to copepods. Interactions between these consortial
organisms include inorganic/organic nutrient uptake and release as weil as
grazing (Borstad, 1978). The most specifie Trichodesmium grazer identified
to date is the pelagie harpacticoid copepod Macrosetella gracilis (Roman,
1978; O'Neil & Roman, 1992; O'Neil, 1998).
Macrosetella gracilis has a life cycle that is intimately associated with Tri-
chodesmium, using the colonies as both a physical substrate and as a food
source. Fellow members of the copepod family Miraciidae (Huys & Bottger-
Schnack, 1994), Miracia efferata and Oculosetella gracilis, have been shown
to ingest Trichodesmium (O'Neil & Roman, 1994).
It has been hypothesized that the invasion of the pelagie zone is a second-
ary event in the evolution of harpacticoids (Hicks, 1988; Huys & Boxshall,
1991). The majority of these copepods are not morphologically weil adapted
for swimming (Huys & Bottger-Schnack, 1994). Those few families of har-
pacticoids that have invaded the pelagie zone often associate with "pseudo-
benthic substrates" in the water column: larvacean housings-Microsetella
(Alldredge, 1972; Steinberg et al., 1994), drift algae-Parathalestris (Ingolfs-
son & Olafsson, 1997), and Trichodesmium-family Miraciidae, specifically
Macrosetella (Krishnaswani, 1951; Bjomberg, 1965; Calef & Grice, 1966;
Tokioka & Bieri, 1966; Huys & Bottger-Schnack, 1994). It is interesting ta
note that the member of the Miraciidae family that is the most phylogeneti-
caliy advanced is Macrosetella gracilis which has lost its prominent eye lens
as compared with the other Miraciidae species. Ali species of Miraciidae that
have been tested ingest Trichodesmium (O'Neil & Roman, 1994), however
only M. gracilis seems to have developed such a close and perhaps obligatory,
association with Trichodesmium. This may explain the loss of the large eye
lens as M. gracilis is directly attached to its food source, and may rely on
chemosensory eues rather than visual eues. The other species in the Miracii-
dae family, not being as specialized on Trichodesmium, may have retained
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their eye lenses, being more generalized feeders to allow for food searching.
This suggests a potential co-evolution between M. gracilis and Trichodes-
mium which possibly both had origins in the benthos (see section V) (Hicks,
1988). The overall persistence of Trichodesmium spp. in the habitat, as weIl
as its slow growth rate compared with other phytoplankton may have enabled
the association of the harpacticoid copepod Macrosetella gracilis to have
developed (Huys & Bottger-Schnack, 1994).
Trichodesmium thiebautii from the Caribbean has been shown to be toxic to
aIl copepods tested except the two harpacticoid grazers, Macrosetella gracilis
and Miracia efferata (Hawser et al., 1992) (Fig. la). However, T. erythraeum
was not significantly toxic to any of the copepods tested (Hawser et al., 1992)
(Fig. 1b). Grazing was found to be higher on the non-toxic T. erythraeum than
the toxic T. thiebautii, by both M. gracilis and M. efferata (O'Neil & Roman,
1994) (Fig. 2), suggesting that although these copepod grazers can tolerate
dealing with the toxins present in T. thiebautii, they may prefer the Jess toxic
species. Similar results have been demonstrated for grazing on toxic and non-
toxic strains of Microcystis in freshwater (Fulton & Paer!, 1988). Trichodes-
mium erythraeum from the Great Barrier Reef has been found to contain
toxins and has been implicated in entering the food-web (Endean et al.,
1993). Trichodesmium thiebautii has also been shown to be toxic to the cala-
noid copepod Acartia tonsa in the Atlantic Ocean (Guo & Tester, 1994), as
weIl as clogging guts and causing starvation and mortality in larvae of the
prawn Penaeus merguiensis in the Gulf of Carpentaria, Australia (Preston et
al., 1998). AdditionaIly, over a seven year survey, there was a negative corre-
lation between Trichodesmium abundance and prawn larvae numbers (Pres-
ton et al.. 1998).
Nitrogen ingested by Macrosetella gracilis is rapidly processed and rem-
ineralized as reduced N into the environment (O'Neil et al., 1996). Therefore,
much of the ingested "new" N ingested from the diazotrophic Trichodesmium
is regenerated as NH; and introduced to the pelagie system through excre-
tion and "sloppy-feeding" (O'Neil et al., 1996). Macrosetella gracilis could
also introduce N from Trichodesmium to the food web by becoming prey
itself. Therefore, M. gracilis grazing Trichodesmium can provide and impor-
tant link in the transfer of fixed nitrogen into the pelagie food web.
The high excretion rate of N per body weight and high through put of Tri-
chodesmium in M. gracilis (O'Neil et al., 1996) may also be a means of detoxi-
fying the high N toxins found in Trichodesmium. One can make sorne crude
estimates of C and N cycling between a Trichodesmium colony and M. gradlis
individual based on known C and N specifie ingestion rates (O'Neil & Roman,
1994; O'Neil et al., 1996), productivity estimates (Li et al., 1980), Nrfixation
rates, NH; regeneration rates and CN values (O'Neil, 1998; O'Neil et al.,
1996). Given the assumption of 1 copepod per colony, estimates based on an
organism basis (nmol colony--l d- 1 and nmol copepod- 1 d- 1), indicate that a
significant portion of both C and N productivity per day can be processed by
M. gracilis (Fig. 3).
No Trichodesmium toxin has been detected accumulating within Macro-
setella gracilis (Hawser, pers. comm.) and it is likely that copepods that graze
toxic cyanobacteria somehow detoxify the compounds or are naturally
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Figure 1. Effects of increasing toxin concentrations from the cyanobacterium (A)
Trichodesmium thiebaufii and (8) Trichodesmium erythraeum on both the survival
times of non grazing (Clausocalanus and Farranula) and grazing (Macrosetella and
Miracia) copepods From the Caribbean (adapted from Hawser et al., 1992).
Bulletin de l'Institut océanographique, Monaco, n° spécial 19 (1999) 301
NUTRIENT
1.0
0.8
,
oC2, 0.6
~"O
c: 0
.Q g-
oog-
~u
E: Ü 0.4
Cl
2:
0.2
0.0
T
Macrosetella
.. T. erythraeum
[=:J T. thiebautii
Micracia
Figure 2. Ingestion rates (Ilg C eopepod- l h- 1) of the harpaetieoid eopepods Macro-
seteUa gracilis and Miracia efferata grazing on a toxie strain of Trichodesmium thie-
bautii and a non-toxie strain of Trichodesmium erythraeum from the Caribbean Sea
(adapted from O'Neil & Roman, 1994).
resistant to such secondary metabolites. Herbivorous marine crustaceans do
not appear to sequester macroalgal or cyanobacterial toxins (Hay et al.,
1990). In contrast, dinoflagellate toxins have been measured for several days
after ingestion in the copepod Acartia clasusii and the bamacle nauplii Balanus
sp. (White, 1981). By associating with a high N containing diazotrophie eyano-
baeteria (C:N average = 4.9; Fig. 3), M. gracilis is almost eertainly N-replete
(C:N = 5.4; Fig 3) and may therefore "throw-away" excess N (perhaps found
in the toxin), in an effort to utilize carbon from the Trichodesmium. Therefore
M. gracilis is more likely to be C limited than N-limited (Anderson & Hes-
sen, 1995). Food quality effeets on zooplankton phytoplankton interactions
have been similarly demonstrated eomparing N:P ratios ofphytoplankton and
zooplankton in lakes and marine environments (Elser & Hassett, 1994; Has-
sett et al., 1997).
Nodularia, and Aphanizomenon are other filamentous diazotrophie cyano-
baeteria that exist in the pelagie zone. These are estuarine, heteroeystous
genera which form dense blooms in both the Baltie Sea (Horstmann, 1975;
Sellner, 1992) and in Australian estuarine systems and eoastal lagoons
(Huber, 1984, 1986; Boon et al., 1994; Jones et al., 1994). Both are known to
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Figure 3. Carbon (C) and nitrogen (N) f10w between a Trichodesmium spp. eolony
(nmol colony-I d- I ) and its major grazer the pelagie harpaelieoid eopepod, Macro-
setella graci/is. Values in paremheses are earbon to nitrogen ratio values.
contain toxins that can act as grazer deterrents (Paerl, 1988; Carmichael,
199]). Aphanizomenon has been shown to inhibit both lipid reserves and egg
production in Daphnia (Holm & Shapiro, 1984). Nodularia has no major spe-
cialized associated grazers akin to the Macrosetella- Trichodesmium associa-
tion (Sellner, 1992), although rotifers (Horstmann, 1975) have been reported
to ingest both Nodularia and Aphanizomenon. Low assimilation efficiencies
have been reported for Acartia tonsa grazing on these cyanobacteria (Herk-
loss et al., 1984). There appears to be a Iow biomass of zooplankton associ-
ated with blooms of Nodularia and Aphanizomenon, and consequently the
major trophic fate of these two genera appears to be microbial degradation
(Sellner, 1992, 1997).
Benthic Environments
Filamentous diazotrophic cyanobacteria can cover extensive areas in ben-
thie environments. These can be in the form of consolidated mats (Whitlon &
POtlS, 1982; Stal et al., 1984; Cohen & Rosenberg, 1989; Paerl el al., 1993),
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or as large areas where unconsolidated cyanobacteria grow on sediment sur-
faces, rocks, macroalgae or seagrasses (Diaz et al., 1990; Pennings et al.,
1996; Dennison & Abal, in press). Both benthic cyanobacterial communities
consisting of Lyngyba, Phormidium, and Plectonema (LPP group) as weIl as
Microcoleus and Oscillatoria have been documented (Paling et al., 1985;
Paerl et al., 1993). However, there is scant literature on associated grazers,
with the majority of research focussing on ecophysiological aspects of the
cyanobacteria, such as photosynthesis and nitrogen fixation (Paerl et al., 1993).
Much of the research on herbivorous grazing in benthic environments
involves conspicuous macrograzers such as fish. This has been an area of
active research particularly in coral reef environments where herbivory is
intense, and 50-100 % of total plant production can be removed by grazers
(e.g. Hay et al., 1987). Most of this research has focussed on eukaryotic
macroalgae, but cyanobacteria are particularly important in nutrient limited
tropical waters where they are often an important resource in heavily grazed
areas (Thacker et al., 1997).
The benthic filamentous cyanobacteria Lyngbya majuscula (also referred
to as Microcoleus lyngbyaceus), is found in tropical regions (Diaz et al.,
1990; Paul et al., 1990; Pennings et al., 1996; Dennison & Abal, in press) and
produces a large variety of toxic secondary metabolites (Moore, 1981). There
are several organisms that have been documented feeding on L. majuscula.
Studies in Guam suggested that the secondary metabolites contained in
L. majuscula significantly reduced feeding by the omnivorous puffer fish
Canthigaster solandri and by the crab Leptodius spp. (Pennings et al., 1996),
as weIl as juvenile rabbit fish (Siganus spinus) and juvenile parrotfish (Scarus
schlegeli) (Thacker et al., 1997). However, L. majuscula constituted a major
portion of the diet of the Pomacentrid damselfish Stegastes apicalis on Davies
Reef, Australia (Klumpp & Polunin, 1989). Lyngbya majuscula was also
ingested in significant enough portions to be used as a tracer of gut through-
put in the damselfish Pomacentrus amboinensis at Drpheus Island, Australia
(Mamane & Bellwood, 1997). However, it is unclear whether the Lyngbya
was being assimilated or just ingested.
Although Lyngbya majuscula ranks very low in food preference for most
herbivorous fish tested, it is the preferred food of the specialist sea hare Stylo-
cheilus longicauda. This grazer is able to transform and sequester toxic com-
pounds from ingested L. majuscula (Pennings et al., 1996). The transforma-
tion of the toxic compounds appears to be a de-toxification process rather
than a means of protecting themselves from predation (Paul et al., 1990).
Recent observations from Moreton Bay, Australia indicate that the benthic
harpacticoid copepod Metis holothuridae, a generalized benthic feeder, is
abundant within Lyngbya majuscula "blooms" and can ingest the cyanobacte-
rium at a rapid rate (Watkinson & D'Neil, unpublished data). However, whether
the copepods can assimilate the Lyngbya as weIl has yet to be deterrnined.
Sorne species of the cyanobacterial genus Phormidium can forrn nodules
or mound shaped aggregations which are analogous to "locally thickened
microbial mats" (Westphalen, 1993). These nodules have been observed in
Bermuda and the Bahamas (Westphalen, 1993; Pinckney et al., 1995), and
have the ability to fix nitrogen (D'Neil & Westphalen, unpublished data). The
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cyanobacterial filaments trap fine grained sediment particles that become
imbedded in a mucilaginous matrix. In Phormidium corium nodules, the fila-
ments grow on the surface of the nodules where there is sufficient light for
photosynthesis (Westphalen, 1993).
The nodules are a specialized microniche for a diversity of meiofauna
including Ciliata, Turbellaria, Gnathostomulida, Gastrotricha, Nematoda,
Kinorhyncha, Polychaeta, Ostracoda and Harpacticoida (Westphalen, 1993).
Although grazing experiments were not conducted with P corium associates,
the ciliate Pseudomicrothorax dubius has been shown to graze on other spe-
cies of Phormidium (Fialkowska & Pajdak-Stos, 1997). It is possible that the
ciliates found associated with P corium within the meiofauna in these nod-
ules may be grazing on the cyanobacteria. It is also interesting to note that the
harpacticoid copepods and their nauplii which are associated with the
P corium nodules in Bermuda, were most abundant in the outside surface
layer of the nodules, where the cyanobacterial filaments are. These copepods
may occupy a similar niche as that found with grazing harpacticoids in both
pelagie (O'Neil & Roman, 1992) as well as benthic environments (Watkinson
& O'Neil, unpublished data) on diazotrophic cyanobacterial communities.
These three examples of harpacticoid copepods associated with cyanobacte-
ria from different genera and different habitats indicate that harpacticoid
copepods as a group, may be commonly adapted to cyanobacterial communi-
ties. As raptorial feeders, harpacticoid copepods would be able to more easily
ingest filamentous and colonial forms than would filter feeding calanoid and
cyclopoid copepods.
The tolerance of harpacticoid copepods to cyanobacterial toxins suggests
a potential for co-evolution of harpacticoid copepods and cyanobacteria, par-
ticularly in the case of the highly specialized feeding of Macrosetella gracilis
on Trichodesmium. Sorne zooplankton have evolved both physiological as
well as behavioral adaptations which enhance their abilities to co-exist with
toxic cyanobacteria. Freshwater zooplankton generally do not eat cyano-
bacteria capable of producing toxins if there are other food sources available,
and often modulate the amount of cyanobacteria they ingest to ensure they do
not receive a lethal dose (Demott et al., 1991). Sorne zooplankton are affected
by cyanobacterial toxins in a direct lethal manner, or zooplankton may have
slightly compromised reproductive output due to a less nutritional food source
(Paerl, 1988). In a severely food limited environment, the trade-offs of toxicity
and low nutritional value food may be outweighed by having a consistent
available food source. Carmichael (1991) eloquently states that: "Organisms
who walk this aquatic tight-tope successfully paya price in fewer offspring,
however, they do survive to reproduce".
EFFECTS OF lOXINS
In freshwater environments there is a tendeney towards more toxie cyano-
bacterial species in the pelagie zone than in the benthic zone (Carmichael,
1991). One hypothesis is that this is caused by more intense grazing pres-
sure in the water column, causing pelagie cyanobacteria to be more heavily
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chemically defended (Carmichel, 1991). In benthic and littoral habitats food
resources are usually more plentiful and diverse. Hence, herbivorous benthic
grazers are usually more generalist feeders, whereas in the pelagic zone
where there are less food resources, there is a tendency for more specific
feeders that can adapt to chemically defended prey (Hay et al., 1990). In
freshwater environments, grazing rates of zooplankton have generally been
found to be lower on toxic strains of cyanobacteria than on non-toxic strains
of eukaryotic phytoplankton (Boon et al., 1994). In many instances cyano-
bacteria may only be consumed when other higher quality food is not avail-
able (Pennings et al., 1996; Hay et al., 1990). However zooplankton differ in
their ability to utilize, detoxify or distinguish cyanobacteria (Porter & Orcutt,
1980), and toxicity as well as nutrient quality can vary among different stains
as well as different growth phases of the same strain of cyanobacteria
(Carmichael & Gorham, 1977). Therefore, zooplankton appear to have evolu-
tionary adaptations to utilize cyanobacteria, both physiological and behavio-
rai to tolerate or de-toxify secondary metabolites (Porter & Orcutt, 1980).
It has traditionally been thought that the production of toxins by plants is
specifically for anti-herbivore defense, and comes at the expense of energy
and nutrients diverted from other metabolic needs (Hay & Fenical, 1988).
While this would confer an advantage to chernically defended plants over
non-toxic plants when herbivores are present, in the absence of grazing pres-
sure, less toxic plants would have higher fitness than defended plants, which
has been demonstrated in sorne terrestrial environments (Coley et al., 1985).
However, as stated by Paerl & Millie (1996), "intuitively it seems wasteful for
cyanobacteria to excrete metabolites especially those rich in nutrients (N and
P)". These authors further state that toxic compounds appear to be far too
unique and structurally complex to solely represent "waste" or excretory
products. It is possible that these compounds play specific roles such as che-
lation of metals or other nutrients that may benefit the cyanobacteria (Paerl &
Millie, 1996; Blackburn et al., 1997).
Tropical marine cyanobacteria are unique among the marine primary pro-
ducers in manufacturing secondary metabolites that contain N (Moore, 1981;
Hay & Fenical, 1988; Pennings et al., 1996). In high light environments dia-
zotrophic cyanobacteria may have more than ample energy from photosyn-
thesis, such that producing useable N through Nzfixation is not a problem.
This supports the theory that secondary metabolites are a way of dumping
excess metabolite, to allow metabolic pathways to carry on (Paer! & Millie,
1996). Trichodesmium for instance has been shown to excrete 50% of its fixed
N per day as dissolved organic nitrogen (DON) in Caribbean studies (Capone
et al., 1994; Glibert & Bronk, 1994). It may be the excretion of secondary
metabolites serves as both "toxin" or deterrent to most grazing organisms, as
well as attractant to the copepod Macrosetella gracilis that is dependent on
Trichodesmium for its juvenile development as well as a food source.
In some cases toxin production may be a result of grazing pressure, as
there can be a decrease in potency of toxin in culture (Carmichael & Gorham,
1977; cf. Blackburn et al., 1997). This suggests that in some cases toxins are
indeed produced at a physiological cost to the cyanobacteria. In lab cultures,
non-toxic strains tend to out-compete toxin producing strains (Demott et al.,
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1991). This suggests that toxin production is in fact an anti-herbivore device,
which in tum would select for tolerance or avoidance in zooplankton (Demott
et al., 1991). Marine cyanobacteria known to produce anti-herbivore second-
ary metabolites include Lyngbya (benthic); Oscillatoria (benthic); Hyella
(ephyphitic on shells and limestone); Schizothrix (epiphytic); Rivularia (epi-
phytic on mangroves roots, algae, and salt marsh grass (Hay & Fenical, 1988)
and Trichodesmium (pelagie) (Hawser et al., 1992).
IMPACTS ON FOOD-WEBS
Many cyanobacterial strains that contain toxins that may deter grazing, and
reduce the potential for transfer of cyanobacterial biomass into secondary
production (Porter & Orcutt, 1980; Hawser et al., 1992; Guo & Tester, 1994).
However, cyanobacterial biomass is ultimately used in grazing food webs
although several additional trophic transfers may be necessary to either
detoxify or to convert to a form acceptable to higher order crustacean grazers
such as copepods (Paerl, 1988) (Fig. 4). In the "traditional" eukaryotic phyto-
plankton based food chain, there is direct herbivorous zooplankton consumption
of the phytoplankton. These zooplankton are large enough to subsequently be
grazed on by invertebrates and fish (Fig. 4 I). Within a cyanobacterial based
food chain, more steps are needed to process the cyanobacteria to the same
level, with protozoans and rotifers as the initial consumers, which adds more
steps and complexity to the system with a development of a true "food-web"
rather than "food-chain" (Fig. 4 II). Protists and rotifers can be significant
consumers of cyanobacteria (Microcystis), with important links in the cyano-
bacterial food web in freshwater environments (Fulton & Paer!, 1988).
J. Direct herbivorous zooplankton Consumption:
ZoopIanktivorous
Invertebrates & fish
II. Postulated utilization of planktonic cyanobacteria
CyanobacteriaI
phytoplankton
BacteriaI heterotrophs
Figure 4. Comparison of a eukaryotic-algae based food-web and trophic transfer,
compared ta a food-web based on cyanobacterial, prokaryotic productivity (adapted
from Paerl, 1988).
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Adding additional steps inevitably affects the trophic transfer efficiency of
the food-web (Paerl, 1988). Although many marine cyanobacteria can have
very specialized grazers, the grazers probably do not very often control
cyanobacterial biomass, in the way zooplankton grazers often control euka-
ryotic phytoplankton populations, for example (Sellner, 1992). Often it is
limiting nutrients or physical factors that cause the production and demise of
cyanobacterial blooms (Paerl, 1988, 1996).
Recent research off Hawaii indicates that nitrogen from Nz-fixation may
supply 50% of the N required rate of annual new production (Karl et al.,
1997). This results in a shift from particle-driven export of production that is
typical of "classic" eukaryotic food chains (Stockner, 1988), to a food-web
based on dissolved organic matter and remineralization through microbial
processes (Karl et al., 1997). The effect of cyanobacteria on the food-web was
particularly noticeable during the 1991-92 EI-Nifio event when a decrease in
upper ocean-mixing, and increase in temperature, led to an increase in Tri-
chodesmium abundance, an increase in the N:P ratio, an increase in primary
productivity and Nrbased productivity. Ali these factors brought about a
decrease in exported productivity through the mixed layer as determined by
sediment trap flux (Karl et al., 1995). This has also been hypothesized in
models comparing the trophodynamics of cyanobacterial blooms: "It appears
that bloom production in free-living cyanobacteria... largely supports an
active microbial web through dissolved organic flux to heterotrophic bacterial
communities and their grazers" (Sellner, 1997). Karl et al. (1997) state that
these results and other observations cali for a reassessment of CUITent views
of carbon and nutrient cycling in the world's oceans.
GRAZER-CYANOBACTERIAL COEVOLUTION?
Co-evolutionary theory, which has had a tendency to focus on chemically-
mediated plant-herbivore interaction (Ehrlich & Raven, 1964; Futuyma,
1983), is tempting to invoke when one encounters specialized feeders resist-
ant to toxin such as Macrosetella gracilis on Trichodesmium. However, there
is still much debate in the field over whether coevolution:
- is indeed a major driving force shaping the characteristics of either plant
(cyanobacteria) or herbivore;
- whether grazers can influence the production of chemical defenses;
- the alternative roles that secondary metabolites might play in the ecology
of the organism, beyond anti-predator function (Schmitt et al., 1995).
Co-evolved interactions are probably quite rare, and may in fact just be the
result of "fortuitous pre-adaptations that are opportunistically co-opted for
other uses" (Schmitt et al., 1995).
Most of the work to date on chemically defended plants and marine grazers
has been confined to eukaryotic macroalgae rather than cyanobacteria speci-
fically (Hay & Fenical, 1988). In sorne of these systems secondary metabo-
lites are more effective against larger mobile predators (macrograzers) with
smaller, relatively sedentary grazers (mesograzers) such as amphipods
(which are akin to the harpacticoid copepod-cyanobacterial association),
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unaffected by the compounds that deter larger grazers. It has been suggested
that these mesograzers may be "ecological equivalents of terrestrial insects",
since dispersal to plants with adequate nutrition and protection from preda-
tors may be of paramount importance to their survival (Hay et al., 1987; Hay
& Fenical, 1988). Additionally, these mesograzers that actually live on the
same plants they consume may be incapable of separating food choice from
habitat choice (Hay & Fenical, 1988).
Many chemically defended plants possess chemical defenses against a
broad range of generalist herbivores and fouling organisms which are gener-
ally large grazers that can consume significant quantities of biomass and
locally decimate particular plant species. Plants with chemical defenses
becorne potential safe sites where small less mobile grazers that live on the
plants they consume, can minimize their chances of encounter with predators
if they are resistant to the plant toxins themselves (Hay, 1991 a). Small mesa
grazers may evolve resistance to these defensive traits for this reason (Hay,
1991b; Hay & Steinberg, 1992). However, there appears to be little evidence
to support the notion that any of these traits occur due to a history of coevo-
lution. Schmitt et al. (1995) further point out that the fact that secondary
metabolites may serve other functions "complicates the potential for signifi-
cant coevolution mediated via these chemical defenses, especially given the
common assumption that herbivore deterrent production entails competitive
costs, not benefits" (Lubchenco & Gaines, 1981; Hay 1984).
In general there appear to be more specialized feeders in terrestrial envi-
ronments than in marine environments (Lubchencho & Gaines, 1981; Hay &
Fenical, 1988). The few specialized marine herbivores known tend to be rela-
tively small, have limited mobility, and to live on and consume the chemically
defended plants that provide them with protection from predators (Hay &
Fenical, 1988). These include several opistobranch gastropods, many of
which evolved from shelled snails into physically unprotected sea slugs as
they developed the ability to sequester toxins from algae (Faulkner & Ghise-
lin, 1983). Sea hares (Anaspidea), sea slugs (Ascoglossa), and nudibranchs
(Nudibranchia) often sequester the toxins from their food source. The sea
hare Stylocheilus longicauda is the one documented organism known to
sequester chemicals from the cyanobacterium Lyngbya majuscula (Microco-
leus lyngbyaceus) (Hay & Fenical, 1988). Since these relatively small spe-
cialists seem to have limited impact on plant biomass relative to the larger
grazers, the potential for true co-evolution between these small mesograzers
and their prey is probably limited (Hay & Fenical, 1988). It has been sug-
gested therefore, that true co-evolution is unlikely between marine plants and
herbivores (Hay & Fenical, 1988).
FUTURE DIRECTIONS
As researchers become more aware of the ubiquitous nature of cyanobac-
teria in the marine environment, more effort will be made to understand the
significance of cyanobacteria in oceanic biogeochemistry, particularly in
tropical and subtropical environments. This is particularly important in terms
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of how grazers process and regenerate nutrients derived from the "new" N of
diazotrophic cyanobacteria.
It is also clear that more information on the role of cyanobacterial toxins in
the food-web is critical for understanding the trophodynamics of ecosystems
where large accumulations of toxic cyanobacteria exist. The potential impact
on human and ecological health in the marine environment needs to be
addressed as well, just as these issues have been a focus of research for some
time in freshwater environments.
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ABSTRACT
Cyanobacteria are significant and at times dominant contributors to estua-
rine, coastal and open ocean primary production and fixed nitrogen inputs.
COz and Nz fixation can be controlled by single or combined nutrient sup-
plies, depending on the influence of extemal vs. internaI inputs. Nitrogen lim-
itation characterizes much of the world's oceanic surface waters, providing a
vast niche for cyanobacteria capable of Nz fixation. The filamentous plank-
tonic N z fixers, Trichodesmium and Richelia (endosymbiont in the diatom
Rhizosolenia) can form large « 100's of kmZ) surface blooms in nutrient-
deplete, oligotrophic open ocean waters. Here, the availability of iron (Fe), a
cofactor in the Nz fixing enzyme complex nitrogenase, may control Nz fixa-
tion, as shown subtropical W. Atlantic and Caribbean waters. The picoplank-
tonic « 5 /lm) genera Synechococcus, Synechocystis, and Prochlorococcus
are important (i.e., 20 to > 50%) contributors to phytoplankton productivity
and biomass. These non Nz fixers rely on small size (i.e., high surface to
volume ratio) and efficient light harvesting abilities, to optimize growth in
poorly-illuminated, nutrient-rich deep waters. Marine cyanobacteria exhibit
various morphological, physiological, and ecological strategies aimed at co-
optimizing diazotrophy, photosynthesis and nutrient (N, P, Fe) sequestration.
These include; buoyancy regulation to facilitate access to near-surface sun-
light (energy) and nutrient-rich deeper water, aggregation as colonies sup-
porting nutrient-exchanging consortial interactions with microheterotrophs
and invertebrate grazers, endosymbioses, intracellular nitrogen and phospho-
rus storage, heterotrophic and photoheterotrophic capabilities. Certain cyano-
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bacterial genera can exploit nutrient-enriched estuaries and seas (e.g. Baltic),
sometimes as persistent nuisance (i.e. hypoxia/anoxia-generating, toxic)
blooms. If Nz fixing cyanobacteria predominate as planktonic blooms (Nodu-
laria, Aphanizomenon) or benthic mats (Lyngbya, Oscillatoria), or if high
rates of extemal N loading occur, N+P co-limitation or exclusive P limitation
may dominate. In non-Nz fixing communities, Fe may synergistically interact
with combined N, especially NO;, to enhance growth. Increasing anthropo-
genic N and Fe enrichment (runoff, atmospheric deposition, groundwater)
supports large-scale eutrophication which, in addition to degrading water
quality, affects air-water COz fluxes, oceanic C, N and other nutrient budgets.
INTRODUCTION
Cyanobacteria exhibit remarkable physiological, morphological and eco-
logical adaptations to the marine environment (Fogg, 1982; Carr & Whitton,
1982; Gallon, 1992; Paerl, 1990; Paerl & Millie, 1996). Morphologically and
functionally-diverse cyanobacterial taxa are found in planktonic and benthic
estuarine, coastal and oceanic habitats, ranging from the poles to the tropics
(Table 1). They thrive under nutritionally - and physiologically - "extreme"
conditions, including nutrient-deplete ultraoligotrophic open ocean waters,
nutrient-enriched estuarine and coastal waters, aphotic waters (i.e., no net
photosynthesis), geothermal regions and sulfide-rich, anoxie waters, that are
often toxic to most eukaryotes. Cyanobacteria have also exploited anthropo-
genic alterations of coastal environments, most notably eutrophication (Paerl,
1988a; Paerl & Tucker, 1995).
The high diversity and broad geographic distribution of cyanobacteria is
attributed to a long evolutionary history, dating back to the Precambrian,
sorne 2 billion years ago, when the Earth underwent the transition from
anoxie to oxic atmospheric conditions (Cloud, 1976; Knoll, 1979; Schopf &
Walter, 1982; Schopf, 1992). This geochemical transition was initiated by
cyanobacteria themselves, being the first oxygenic phototrophs to inhabit the
planet (Schopf & Walter, 1982). Among the Earth's biota, cyanobacteria have
uniquely altered production and cycling of organic and inorganic matter,
while adapting to the biogeochemical and environmental consequences of
such alterations. The physiological, morphologieal and ecological features
that currently characterize this versatile group of phototrophic prokaryotes
reflect both growth and reproductive resource limitations and excesses.
Physiologically, marine cyanobacteria are well-adapted to nutrient depri-
vation, a condition characterizing much of the world's oceans (Carpenter &
Capone, 1983; Dugdale, 1967; Ryther & Dunstan, 1971). In particular,
cyanobacteria have developed an array of biochemical and ecological mecha-
nisms and strategies to access those essential nutrients most often limiting
growth, including nitrogen (N), phosphorus (P) and iron (Fe). Foremost is the
ability of numerous genera to fix atmospheric nitrogen (Nz), a capability that
has opened up vast segments of the oligotrophic open ocean and coastal
waters to cyanobacterial exploitation (Fogg, 1982; Carpenter & Capone,
1983; Capone et al., 1997). Sorne planktonic taxa are capable of rapid vertical
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Table 1. Planktonic and benthic cyanobacterial genera
cornrnonly found in marine (including open ocean,
coastal and estuarine) habitats.
HabitaUlocation/ Dominant N2 fixing
stresses genera capabilities
Planktonic Oligotrophic Trichodesmium. Richelia +,+Prochlorococcus -
ocean (N, 1) Synechococcus. Synechocystis -, ?
Planktonic Estuarine Microcystis. Oscillatoria -, rnost-
and coastal waters (l, P) Anabaena, AphanQomenon +,+Nodularia +
Mierocoleus, Phormidium -, -
BenthiclIntertidal Mats Lyngbya. Oscillatoria sorne +, sorne +
rnud/sandflats Anabaena, Calothri.>,; +,+
(T, l, D, P, N, H) Schizothrix, Scytonema ?, +Plectonema +
Synechococcus rnost -
Saltrnarshes Mierocoleus, Lyngbya -, sorne +
(T, l, D, P, N, H) Oscillatoria, Phormidium sorne +,-
Microcoleus, Lyngbya -, rnost +
Hypersaline lagoons, Synechococcus, Phormidium rnost -, -
ponds (T, l, D, P, N, H) Calothrix, Scytonema +,+
Schizothrix, Spirulina ?, -
Aphanocapsa, Chroococcus ?, -
Tropical mangrove Scytonema, Synechococcus +, sorne+
swarnps (T, D, P, N) Lyngbya, Oscillatoria sorne +, sorne +
Rivularia, Dichothrix +,+
1 Temp.ltrop. .,a!l'a" bed,
Lyngbya, Oscillatoria sorne +, sorne +
Gloeotrichia, Nostoc +,+(l, P, N) Calothrix, Anabaena +,+
Coral reefs (l, P, N) Calothrix, Lyngbya +, sorne +Scytonema, Anabaena +,+
Strornatolites Scytonema, Calothrix +,+
(T, l, D, P, N, H) Schizothrix ?Phormidium, Synechococcus -, rnost-
Where known, N2 fixing capabilities are indicated. Physical and chernical stresses
characterizing resident habitats are shown. Physical stresses include; ternperature
extrernes (T), excessive irradiance (1), and desiccation (D). Chernical stresses
include; nutrient depletion (N), pH extremes (P), and hypersalinity (H).
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migration, enhancing their ability to access adequate irradiance (near-sur-
face) as weil as deeper nutrient-rich waters (Walsby, 1972). Sorne open ocean
bloom-forrning genera (e.g., Trichodesmium, Rhizosolenia-Richelia symbio-
sis) form aggregates and mats that are thought to be effective in intercepting
atmospherically-derived nutrients such as iron and other trace metals (Rueter
et al., 1992), whose availability in the water column may be severely res-
tricted (Bruland et al., 1991; Martin et al., 1990; 1994). Both planktonic and
benthic taxa have effective enzymatic nutrient sequestering mechanisms,
including a variety of phosphatases (for cleaving phosphate from organic
molecules), powerful siderochrome chelators capable of liberating metals
from organically-complexed (e.g., humic acids) forms (Bruland et al., 1991).
In addition, cyanobacteria have developed a myriad of biotic associations,
including consortial and symbiotic relationships with heterotrophic bacteria.
eukaryotic algae and higher plants (e.g., macroalgae, macrophytes), proto-
zoans and animais, ensuring continuous nutrient cycling and availability
within the confines of the cyanobacterial "phycosphere" (Paer! & Kellar,
1978; Paer! & Pinckney, 1996).
Morphologically and physiologically, cyanobacteria are well-prepared for
facing physical-chemical stresses such as hypersalinity, desiccation, exces-
sive irradiance (both visible and UV light), high and low temperatures (Table 1).
Numerous taxa are encapsulated in mucilagenous sheaths and slimes that
exhibit anti-desiccation, strong irradiance-absorbing ("sunscreen") and selec-
tive gas diffusion characteristics (Fogg et al., 1973; Garcia-Pichel & Casten-
holz, 1998). These protective mechanisms ensure survival during extremely
long unfavorable growth periods lasting weeks (e.g., polar winters, sediment
burial, entrainment in deep aphotic waters) to millenia (climate change).
Cyanobacteria are also well-adapted to environmental excesses. A contem-
porary example of cyanobacterial opportunism is the development and pro-
liferation of harmful blooms in nutrient-enriched estuarine and coastal
ecosystems (Horstmann, 1975; Fogg, 1982; Paerl, 1988a; Larsson et al., 1990;
Kahru et al., 1994; Sellner, 1997). Such blooms are the most visible, well-
documented, and widespread indicator of wor!dwide eutrophication in a wide
variety of nutrified waters, including estuaries (New Zealand, Australia,
North and South America, South Africa), embayments (South America),
coastal aquaculture operations (North and South America, Asia) (Codd, 1994;
Carmichael, 1997), brackish coastal and pelagic seas (i.e., Baltic), hypersa-
line lagoonal estuaries (Peele-Harvey, Australia) (Horstmann, 1975; Niemi,
1979; Huber, 1986; Kononen et al., 1996). Blooms pose serious water quality,
fisheries resource, aquaculture, and human health problems, including disrup-
tion of food webs (Porter & Orcutt, 1980; Fulton & Paerl, 1987, 1988), toxic-
ity to higher ranked consumers, including man (Sivonen et al., 1989; Codd,
1994; Carrnichael, 1995, 1997), foui odors, undesirable tastes (off-flavors),
hypoxia and anoxia of under!ying waters and fish làlls (Boyd et al., 1978;
Paer! & Tucker, 1995). Recreational use and aesthetic values of affected
waters are often seriously impaired. In addition, nutrient fluxes can be altered
by the substantial (and sometimes dominant) contribution of cyanobacteria to
phytoplankton biomass as new C and N inputs (Home, 1977; Vincent, 1987;
Howarth et al., 1988).
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Historically, the most notorious (i.e. toxin-producing, hypoxia-generating)
genera, Anabaena, Aphanizomenon, Lyngbya, Microcystis, Nodularia, and
Oscillatoria have been confined to heavily-nutrified freshwater impound-
ments (Francis, 1878; Fogg, 1969; Reynolds & Walsby, 1975; Paerl, 1988a, b;
Paerl & Tucker, 1995); however, global expansion into recently eutrophied
brackish and full-salinity estuarine and coastal waters is underway. Examples
include the appearance, persistence and expansion of toxic (to wildlife, caUle,
domestic animaIs and humans) heterocystous, N2 fixing genera (Anabaena,
Aphanizomenon, Nodularia) and non-fixing genera (Microcystis, Oscilla-
toria, Lyngbya) in brackish Scandinavian fjords (Skulberg et al., 1993; Edler
et al., 1995), nutrient-enriched estuaries and coastal embayments in South
Africa, Australia and New Zealand, Brazil, Columbia, Canada and the US
(e.g., L. Ponchartrain, LA, Florida Bay, FL, Albemarle-Pamlico Sound Sys-
tem, NC, Puget Sound, WA), all under the influence of increasing agricultural
runoff, groundwater and atmospheric loading of nutrients (Paerl, 1988a, 1997;
Harding, 1997; Dennison et al., this issue). Toxin, taste and odor producing
taxa (Microcystis, Anabaena, Aphanizomenon, Nodularia) are becoming more
prevalent and problematic in aquaculture operations, including brackish cat-
fish, milkfish, shrimp, striped bass, salmon net/pen culture (Skulberg et al.,
1993; Paerl & Tucker, 1995; Paerl & Millie, 1996; Carmichael, 1997; Codd,
this issue).
There are more recent accounts of incipient, yet potentially problematic
cyanobacterial invasions and outbreaks. In fall1997, McGregor et al. (unpub-
lished) observed N2 fixing Nodularia spp. in the open waters of Lake Michi-
gan (Fig. 1); apparently the first observation of this nuisance taxa in this well-
documented (phytoplankton-wise) lake. We are investigating (using 16S rRNA
and nifH sequencing analyses) the possible origins (i.e., ballast water dis-
charge from ships having travelled the Baltic Sea, sediments, soil-runoff) and
physiological potential for proliferation. In the summer of 1997, Nrfixing
Anabaena strains were documented in previously heterocystous cyanobacte-
ria-free mesohaline (5-15 ppt salinity) segments of North Carolina's eutro-
phying Neuse River estuary (Paerl et al.. in preparation; Fig. 1). In a parallel
laboratory study, Moisander (in preparation) showed that the 2 recently-iso-
lated Baltic Sea Nodularia strains (Sivonen et al., 1989) are capable of diazo-
trophic growth in phosphorus-enriched Neuse River estuary water over this
salinity range (Fig. 2).
Nodularia and related N2 fixing heterocystous genera (e.g., Anabaena,
Aphanizomenon) are of particular interest and concem, since they appear
capable of expanding in chronically N-deficient, phosphorus (P) and essential
nutrient (Fe and other trace metals) replete waters. Using an extensive data set
from a range of freshwater lakes, reservoirs, and estuaries, Smith (1983,
1990) showed a strong relationship between total N:P ratios (by weight) and
the prevalence of cyanobacterial bloom genera. N:P ratios < 20 were condu-
cive to the development and periodic persistence of N2 fixing genera. This
stoichiometric predictor of cyanobacterial dominance has received surpriz-
ingly little attention and scrutiny in the marine environment, despite the fact
that many N limited, P and trace metal replete estuarine, coastal and open
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Figure 1. a. Nodularia sp. obtained from Lake Michigan, USA. Sample was
eolleeted from a pelagie location in Oetober, 1997 (sample eourtesy of Dr. B. MeGre-
gor, Dep!. Geology, Northwestern University). To our best knowledge, this is the
first sighling of this heteroeystous genus in the Great Lakes. b. Nodularia spp. form
large surface blooms in the eutrophied Baltie Sea but have yet to form major blooms
in North Ameriean Great Lakes, estuarine and eoastal waters. c. Anabaena sp. found
for the first lime (July, 1997) in mesohaline waters of the eutrophying Neuse River
Estuary, North Carolina, USA.
See color plates at the end of the volume.
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Figure 2. Nitrogen fixation (acetylene reduction, as rates of C2H4 formation), and
Chlorophyll a production of Baltic Sea Nadu/aria strains Nod9 (A, C) and Nod l02
(B, D) grown on 0.2 ~m filtered Neuse River water and artificial media (Z-8;
P. Moisander personal Comm.). The Nadu/aria strains were provided by Dr. K. Sivo-
nen, Dept. of Botany, Helsinki Univ., Finland. The Neuse River locations were;
Streets Fen-y Bridge (SFB, an upstream freshwater site), and navigational marker 9
(M9, a mesohaline location). Phosphate (PO~-) status of estuarine water and media
in which the 2 Nadu/aria strains were grown is shown in panels E and F. Ali samples
were grown under approximateJy J00 J.lEinsteins m-2 sec l photosynthetically active
radiation (PAR). Samples were analyzed at 0,26,50 and 122 hours after inoculation.
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ocean waters exhibit N:P ratios far below 20 (Nixon, 1986, 1995; D'Elia et
al., 1986).
While diazotrophic cyanobacteria can subsist on atmospheric N2, they can
also utilize various forms of combined inorganic and organic N. This nutri-
tional flexibility may offer a competitive advantage in response to eutrophication.
Large pulses of non-point source N loading, from atmospheric deposition and
runoff, have increased markedly in these waters and are suspected of being
key "drivers" of the eutrophication process (Nixon, 1995; Paer!, 1997). These
pulses are often followed by phytoplankton blooms; studies on N-limited
North Carolina (USA) estuaries (Chowan, Neuse) indicate that cyanobacte-
rial growth and bloom responses closely track (in time and space) such events
(Paer!, 1987; Paer! et al., 1995b; Pinckney et al., 1998). ln particular, organic
N- and ammonium enrichment may favor cyanobacterial dominance (Pinckney
et al., 1998) and toxicity of nuisance genera (Paer! & Millie, 1996). Curiously,
ear!ier observations of such correlations in nature (Pearsall, 1932; Fogg,
1969) have been largely overlooked, yet may be key environmental cues for
cyanobacterial growth and expansion.
Non-N2 fixing cyanobacterial genera, most notably the often toxic colonial
bloom-forrner Microcystis (Harada, 1996), and certain strains of filamentous
genera (e.g., Lyngbya, Oscillatoria) (Carmichael, 1997) can also exploit N load-
ing scenarios. These genera thrive under relatively low N:P ratios providing ade-
quate P supplies exist (Paer!, 1990). Estuaries having abundant P supplies (either
naturally or anthropogenically) and increasing N inputs may therefore be sensi-
tive to expansion of these genera. Those systems experiencing bottom water
hypoxia « 4 mg O2 L-1) and anoxia (no detectable 02), accompanied by sedi-
ment NH; (as well as PO~- and metal, e.g., Fe) release, may be susceptible to
expansion by this cyanobacterial group.
Numerous Nrfixing and non-Nrfixing genera are capable ofrapid vertical
migration in the water column, via buoyancy regulation (Walsby, 1972,
1992). Buoyancy compensation promotes cyanobacterial dominance in strat-
ified (and stagnant) waters by enabling surface bloom-forrners access to
nutrient-rich bottom waters within a matter of minutes to hours (vertical
migration speeds can exceed meters per h; see, Reynolds & Walsby, 1975).
N-limited estuarine and coastal waters experiencing unprecedented cul-
tural eutrophication in response to urban, agricultural, and industrial growth
in the coastal zone may therefore be the nextfrontier of cyanobacterial bloom
expansion. From physical-chemical perspectives, the oceans do not appear to
be a barrier to either the establishment or growth of diverse diazotrophic andl
or N-requiring cyanobacterial genera (Paer!, 1990; Paerl, 1996). In addition,
phytoplankton growth in these waters is generally P and trace element suffi-
cient. Accordingly, supply rates of these nutrients do not seem to play a dom-
inant role in explaining either the presence of distributions of cyanobacterial
bloom taxa (Paerl, 1990; Pinckney et al., 1998; Zehr & Capone, 1996). In
fact, most estuarine and coastal waters exhibiting appreciable cyanobacterial
population densities are N rather than P limited.
The freshwater-based paradigm that cyanobacterial growth and bloom
dynamics can largely be controlled by P loading (Vollenweider & Kerekes,
1982), may requires re-exallÙnation and possible revision with regard to estuarine
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and coastal waters. While these waters exhibit "favorable conditions" for
cyanobacterial expansion based on N:P ratios (Smith, 1983; 1990), they may
not solely conform to the P limitation part of the paradigm.
WHAT ARE THE PHYSICAL-CHEMICAL CONSTRAINTS
ON CYANOBACTERIAL GROWTH IN THE OCEANS?
In examining environmental barriers to cyanobacterial growth and expansion,
are there physical and chemical constraints that override nutrient controIs
alone? Elevated salinity (i.e., high ionic strength) (Thomas et al., 1988),
phosphorus deficiency (Doremus, 1985), relatively (compared to lakes and
reservoirs) low supply rates and concentrations of organic matter (Fogg,
1969), and specific trace metal (Fe, Mo) deficiencies in brackish and ful1-
salinity systems (Howarth & Cole, 1985) have aIl been identified as potential
physical-chemical barriers (Table II). Field and laboratory evaluations of
these modulators are summarized below.
The role of salinity
Salinity, specifical1y ionic composition and strength, of waters has been
mentioned as a potential barrier for growth and proliferation of cyanobacteria
(Thomas et al., 1988). Nz fixation seems particularly susceptible to osmotic
stress, and organisms unable to adjust by the production of compensatory fac-
tors show inhibition of activity at increasing salt concentrations (DuBois &
Kapusta, 1981; LeRudilier et al., 1984). Cyanobacteria introduced into an
estuarine environment from terrestrial or freshwater origins may not be able
to compensate for increasing salinities and osmotic stress (Paerl et al., 1983).
Indigenous populations are often able to adjust to varying salinities by pro-
ducing compatible osmolytes (Reed & Stewart, 1985). Apart from the work
of Dicker & Smith (1980) who found wide salt tolerance for Azotobacter spp.
isolated from a salt marsh, there has been relatively little consideration of this
as a factor regulating estuarine Nz fixation. If, in fact, al1ochthonous sources
are largely responsible for "seeding" diazotrophs in estuaries, salinity may
form a considerable barrier to their establishment.
Certain freshwater bloom-forming cyanobacterial species (Microcystis
aeruginosa, Aphanizomenon sp.) can be highly sensitive to even a few ppt
salinity when discharged into estuarine waters (Paerl et al., 1983) (Fig. 3). In
addition, Howarth & Cole (1985) proposed that relatively high concentrations
of the structural analogue of molybdate (MoO~-), sulfate (SO~-) present in
seawater and saline lakes might competitively (via the uptake process) inhibit
Nz fixation. While competitive inhibition of MoO~- uptake by seawater (and
higher) SO~- concentrations is operative (Cole et al., 1993), the Nz fixing
potentials of marine diazotrophs appear unaffected by this competition
(Paulsen et al., 1991). Most likely, the smal1 cellular Mo requirements for Nz
fixation are met though reduced but sufficient uptake and storage.
When examined global1y, euhaline estuarine and oceanic waters can support
diverse benthic non-heterocystous and heterocystous taxa, capable of relatively
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Figure 3. Photosynthetic activity (as COz fixation) of the bloom-fonning cyanobacte-
rium Microcystis aeruginosa in response to various salinity enrichments in Neuse River
Estuary (North Carolina, USA) water. M. aeruginosa was originally isolated from a
freshwater segment of the river. Salinity enrichment (as ppt final salinity) was in the
form of NaCI additions to Neuse River water obtained from from a freshwater location
(Street Ferry Bridge). Nutrient (N, P, trace metals) concentrations were identical among
controls and treatments at the start of the bioassay. Unamended water from this location
served as a control, against which effects of increasing salinity were compared. Results
from a 3 day exposure to various salinities are shown. After the exposure period, COz
uptake was detennined in ail samples (4 hour incubation period under natural Iight)
using the 14C method. Error bars represent one standard deviation from the mean
among triplicate samples for each treatrnent. Data from Paerl et al., 1983.
high rates of Nz fixation. Oceanic coral reef, shelf and coastal mangrove habi-
tats are often richly endowed with diverse and active non-heterocystous (e.g.
Oscillatoria, Lyngbya, Microcoleus) and heterocystous (e.g. Scytonema, Nostoc,
Anabaena, Cylindrospermum and Calothrix) genera (Fremy, 1933; Potts,
1980; Whitton & Potts, 1982) (Table 1). This makes it difficult to invoke salinity
or "unusual" ionic ratios or paucity in genetic potential as barriers per se to
the development and proliferation of cyanobacterial diazotrophs. It is striking,
however, that a majority of examples cited in Table 1 are benthic or attached.
A notable exception to the preponderance of benthic Nz fixing cyanobac-
teria in euhaline waters is the planktonic, aggregated filamentous genus
Trichodesmium. This surface bloom-forming, non-heterocystous diazotroph
is widely distributed in oligotrophic tropical and subtropical pelagie waters
(Carpenter, 1983) and has been shown to be a major contributor to oceanic N
and C budgets (Carpenter & Romans, 1991; Capone et al., 1997). Like sorne
freshwater bloom formers (e.g. Anabaena, Aphanizomenon), Trichodesmium
cells contain gas vacuoles, which impart buoyancy and a near-surface exis-
tence in N-deficient oligotrophic open ocean waters (Walsby, 1992).
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Table II. Physical/chemical factors potentially
controlling marine cyanobacterial growth.
Factors Impacts
Physical:
Flushing/Altered water Potential removal mechanism for blooms, if fiushing
residence time exceeds growth rates of bloom taxa
Large-scale vertical Counteracts near-surface accumulations of buoyant
mixing bloom populations. May enhance competition for light
and nutrients with non-buoyant eukaryotic taxa
Small-scale turbulence May disrupt filaments, colonies, aggregates and asso-
(shear) ciations with other microfiora and micro/macro-fauna
Shading (reduced Can alter phytoplankton community composition and
surface irradiance) can negatively affect cyanobacterial surface bloom taxa
Temperature Generally, temperatures in excess of 20°C accompanied
by stratification and high nutrient loading can promote
certain blooms
Chemical:
pH Can alter phytoplankton community composition; pH
<6.0 favors eukaryotes, pH > 8.0 favors cyanobacteria
Nutrient (N and P) Long-term (months/years) reductions in both N and P
inputs inputs in estuaries may reduce cyanobacterial bloom
potentials. Low N to P loading ratios « 20) accompanied
by high P may enhance bloom potentials of diazo-
trophic taxa.
Salinity Salinity in excess of a few ppt (as NaCl) cao be
an effective barrier to development and persistence
of freshwater nuisance species. Other species tolerate
Euhaline and hypersaline condition.
Trace metals Under high N and P loading conditions or when N2
fixing taxa prevail, restricted availability of Fe may
control growth. Sorne cyanobacteria are able to com-
pete for low levels of Fe. Mo limitation of N2 proposed.
Organic matter Positive correlations between organic-matter enriched
waters and cyanobacterial dominance. Mechanism(s)
1
j undear, but may be linked to heterotrophic capabilities
of cyanobacteria.
1
Non-diazotrophic cyanobacterial genera are broadly distributed through-
out estuarine, coastal and pelagic waters. These genera can form a substantial,
and at times dominant (> 50%) fraction of the phytoplankton biomass.
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Common planktonic genera include the coccoid picoplanktonic « 5 Ilm)
genera, Synechococcus, Synechocystis, Prochlorococcus, and a variety of
non-heterocystous filamentous (Oscillatoria. Phormidium) forms. Because
they are generally small, non-surface bloom-forming, and hence more cryptic
than their freshwater nuisance counterparts, coccoid taxa are often over-
looked and underestimated as contributors to phytoplankton biomass and pro-
ductivity in these waters. Detailed examinations using epifiuorescence micro-
scopy (Davis & Sieburth, 1982; Itturiaga & Mitchell, 1986), flow cytometry
coupled to fluorescence detection (Oison et al., 1985; Chisholm et al., 1988)
and high peformance liquid chromatography (HPLC) diagnostic photo-
pigment (carotenoids) analyses (Pinckney et al., 1996) have led us to more
fully appreciate the biogeochemical and trophic roles and significance of
these taxa.
The oxygen probJem
Molecular oxygen (02) is a potent inhibitor of nitrogenase, the enzyme
complex mediating Nz fixation (Yates 1980; Gallon, 1992) and therefore may
control Nz fixing capabilities in N- limited, oxic near-surface waters. Ironi-
cally, as oxygenic phototrophs, Nz fixing cyanobacteria are in large part (during
blooms) responsible for creating and maintaining Oz saturated and supersatu-
rated conditions in these habitats. To solve this ecophysiological predicament,
dominant freshwater filamentous planktonic bloom genera (Anabaena, Aphani-
zomenon, Gloeotrichia, Nodularia) form heterocysts that protect Orsensitive
nitrogenase (Wolk, 1982). Despite this seemingly-ideal adaptation to
modern-day oxic conditions, heterocystous cyanobacteria are frequently
absent as significant contributors of either fixed N or C in large N-limited
lakes, estuaries, coastal and open ocean waters exhibiting N:P ratios favora-
ble for cyanobacterial dominance (Niemi, 1979; Smith, 1983). On the face of
it, it would appear that a potential niche for heterocystous cyanobacteria
remains largely unoccupied.
Sorne diazotrophic non-heterocystous cyanobacterial genera have evolved
additional structural, biochemical and ecological strategies facilitating lim-
ited exploitation of oxygenated, nutrient-sufficient waters. These include fila-
mentous and coccoid non-heterocystous genera such as Oscillatoria, Lyng-
bya, Microcoleus, Trichodesmium and Synechococcus. Characteristically,
members of these genera are colonial, including aggregated bundles, laminar
mats and biofilms (potts & Whitton, 1977; Stal & Caumette, 1994; Paer! &
Pinckney, 1996). In certain habitats, including submersed sediments, inter-
tidal sand and mudfiats, reefs, and fouling layers, where localized Oz deple-
tion occurs, these genera can be dominant diazotrophs.
One of the most ubiquitous planktonic non-heterocystous Nz fixers is the
aggregate-forming genus Trichodesmium. Members of this genus are impor-
tant contributors of fixed C and N in subtropical and tropical oligotrophic
oceans (Carpenter & Romans, 1991). In its oceanic habitat, Trichodesmium
occurs as buoyant macroscopic (a few mm in length) radial (puff) or fusiform
(tuft) aggregates (Fig. 4). When calm seas prevail, aggregates can frequently
accumulate in surface waters, imparting brownish-yellow slicks which can
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Figure 4. Photomicrographs of "puff' (a) and "tu ft" (b) shaped aggregates of the
non-heterocystous, pelagic N2 fixing cyanobacterium Trichodesl11iul11 Ihiebaufii.
Samples were obtained from the Gulf Stream, western North Atlantic Ocean.
approximately 100 km southeast of Morehead City, North Carolina, USA. Photo-
graphs were made of brightfield images, showing the optically dense internai vs.
relatively transparent peripheral regions of aggregates. Both morphologies were
capable of fixing N2 (Paerl el a!., 1994).
See color plates at the end of the volume.
extend kilometers or greater (Capone et al., 1997). Trichodesmiul11 has been
shown to contemporaneously fix N 2 and CO2 (and evolve O 2), The pattern of
daytime CO2 and N2 fixation is highly distinctive of this non-heterocystous
cyanobacteria's physiology (Capone et al., 1997). Capone et al. (1990)
showed that even when supplied with light into the nighttime hours, N 2 fixa-
tion (but not CO2 fixation) ceased, suggesting strong daytime dependence and
a diel "rythm" in its diazotrophic behavior. Mo/ecu/ar studies indicate that the
nitrogenase enzyme complex of Trichodesmiwn is structurally (i.e. amino
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acid sequence) conserved and similar to that found in other diazotrophs (Zehr
et al., 1993). Furthermore, Trichodesmium's nitrogenase is 02 sensitive, a
characteristic shared with other N2 fixing cyanobacteria and bacteria. How
then, does Trichodesmium fix N2in the presence of oxygenic photosynthesis?
Field studies indicated that Trichodesmium fixed N2 at maximum rates
when present as surface-dwelling aggregates (Carpenter & McCarthy, 1975;
Carpenter, 1983; Paerl & Bebout, 1988; Paerl, 1994). Aggregates reveal
highly-compacted, dense, dark-pigmented central cores, while their periph-
eral regions are often more diffuse and less compacted (Bryceson & Fay,
1981; Paerl, 1994). Fogg (1974) hypothesized that co-occurring CO2 and N2
fixation were spatially-segregated, with CO2 fixation being confined to high
irradiance external and N2 fixation confined to dense, self-shaded internaI
regions. Carpenter & Price (1976) and Paerl (1994) provided support of
Fogg's hypothesis by microautoradiographically showing that external
regions of individual trichomes were photosynthetically much more active
than internaI regions. They also showed a strong positive correlation between
calm sea state (facilitating aggregation) and rates of N2 fixation in natural
Caribbean Trichodesmium populations. Bryceson & Fay (1981) also showed
a strong direct correlation between aggregate shape, size and N2 fixation
potentials in Trichodesmium sampled off the east African coast.
Using Trichodesmium populations from the western Atlantic (Gulf Stream)
coastal waters off North Carolina, Paer! & Bland (1982) demonstrated, using
tetrazolium dye (TTC) reduction, that highly reduced (02 deplete) regions were
present in actively N2fixing aggregates. Additional evidence for the presence of
small (Ilm) 02-deplete internaI regions came from 02 microelectrode studies of
Paerl & Bebout (1988), which showed that photosynthetically-active Trichodes-
mium agregates could simultaneously exhibit external high and internaI low
p02 conditions. Recently, Fredricksen et al. (in preparation) demonstrated par-
titioning of nitrogenase and photosynthetic activities within single filaments of
in both naturally-occurring and cultured Trichodesmium populations, confirrn-
ing spatial seggregation of these processes without the aid of heterocysts.
In planktonic and benthic Nrfixing cyanobacterial assemblages, close
associations between cyanobacterial "hosts" and bacterial as weIl as algal
epiphytes are commonly observed by place (Fig. 5). Bacterial epiphytes uti-
lize "host" cyanobacterial excretion products (Chrost & Brzeska, 1978; Paerl,
1988b). Cyanobacteria-associated bacteria can be chemotactically-attracted
to a range of organic compounds known to be cyanobacterial excretion products
(Paerl & Gallucci, 1985). In the heterocystous genus Anabaena, such bacte-
rial associations can enhance N2fixation (Paerl & KeIlar, 1978). Non-hetero-
cystous genera like Trichodesmium exhibit close associations with diverse
microflora. These associations may help optimize "host" N2fixation potential
by enhancing localized O2consumption and nutrient regeneration.
Nutrient controls
From a nutritional (i.e. supply rates, concentrations, ratios) perspective,
many estuaries should be able to support cyanobacteria, including hetero-
cystous N2 fixing genera. This group, however, is often confined to perio-
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Figure 5. Cyanobacterial-
bacterial associations in fresh-
ly sampled natural marine
planktonic assemblages. a.
Scanning electron micro-
graph showing actively-
growing (note dividing stag-
es) coccoid bacteria auached
to vegetative cells of Ana-
baena sp. obtained from the Chowan River Estuary, North Carolina, USA. b. Phase
contrast micrograph showing bacteria associated with the mucilagenous sheath sur-
rounding the non-heterocystous benthic cyanobacterium Lyngbya aeslllarii, from an
intertidallagoonal mudflat, Bird Shoal, Beaufort, North CaroJina, USA. c. Scanning
electron micrograph, showing filamentous bacteria associated with individual tri-
chomes of Trichodesmium thiebautii, sampled off the Atlantic coast of North Caro-
lina, USA. In ail cases, associated bacteria were shown to actively assimilate organic
matter (amino acid mixture, glucose) (cf. Paer!. 1996).
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dically-stratified waters (e.g. Nodularia), or as endosymbionts in diatoms (i.e.
Rhizosolenia-Richelia). Interestingly, endosymbiotic heterocystous cyano-
bacteria can be found even in well-mixed ultra-oligotrophic surface waters
(e.g. Sargasso Sea). Therefore, it seems unlikely that widespread inorganic
nutrient (P, Fe, Mo, other trace metals) deficiencies readily explain the
"unfilled niche" phenomenon in estuaries.
Specific nutrient deficiencies may, however, selectively restrict the activi-
ties and geographic extent of both diazotrophic and combined N-requiring
cyanobacteria. Among geochemists, phosphorus (P) has been mentioned as the
most likely (excluding N) inorganic nutrient potentially controlling oceanic
phytoplankton primary productivity and growth (Doremus, 1985; Smith,
1984). The geochemical argument for P limitation is based on the assumption
that biological N2 fixation is capable of satisfying oceanic N requirements
over geologic time scales (i.e. millions of years). From shorter, biologically-
relevant time scales (i.e. days to years) there is little experimental evidence to
support this assumption and on the whole, the oceans remain strongly N-limited
(Carpenter & Capone, 1983; Falkowski, 1997). Most likely, oceanic Nzfixa-
tion is controlled by a complex interplay of physical-chemical and biotic fac-
tors, going far beyond mere P supply alone (Paer!, 1990; Falkowski, 1997).
These include turbulence, Oz tension, organic matter supply, trace metal (par-
ticularly Fe) availability, establishment of symbioses, grazing, etc. Phospho-
rus supply rates have however been shown to control production and Nz
fixation in some localized, highly productive benthic habitats, including
eutrophying estuaries, reefs, seagrass beds, microbial mats, carbonate sedi-
ments and mangrove communities (Paer! et al., 1981; Capone, 1983; Smith,
1984). In addition, estuarine and coastal waters receiving elevated levels of
anthropogenically-generated nutrients (e.g. N-rich sewage outfalls, agricul-
tural and urban runoff, atmospheric deposition), can, at times exhibit P limi-
tation (Smith, 1984).
Coastal and pelagic waters may at times reveal relatively (to cellular
requirements) high N and P concentrations, indicating that other nutrients
may control production. Under these conditions silicon (Si) is a potential candi-
date (Glibert et al., 1995). While Si limitation may apply to eukaryotic phyto-
plankton (diatoms, silicofiagellates), cyanobacteria exhibit very low require-
ments for this nutrient, and hence are not affected by its relative scarcity. If
anything, Si limitation should therefore promote cyanobacterial dominance
In contrast, the availability of specific trace metals known to serve as enzyme
cofactors, and the synthesis of cellular constituents may be restricted in "excess"
N and P waters (Martin et al., 1990, 1994). Iron (Fe) has also received parti-
cular attention; in part because it an obligate cofactor in key N assimilatory
enzymes (e.g., nitrate/nitrite reductases, nitrogenase) and its biological avail-
ability is restricted due to chemical precipitation, chelation and other binding/
loss mechanisms in seawater (Bruland et al., 1991).
Much of the recent focus on Fe limitation in the oceans has been on the
"excess N and P" regions of the oligotrophic ocean, including the North
Pacific gyre, mid-Atlantic, Southern and Antarctic Oceans (Martin et al.,
1990; 1994), where picoplanktonic cyanobacteria account for a significant
(> 50%) proportion of phytoplankton production (Itturiaga & Mitchell, 1986;
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Chisholm et al., 1988). Here, a paradoxical situation exists with respect to
major phytoplankton nutrient concentrations vs. primary productivity. It has
repeatedly been shown that, despite relatively high soluble N (especially
nitrate) and P and Si concentrations, phytoplankton productivity and biomass
are anomalously low, indicative of environmental constraints other than limi-
tation by these nutrients. Martin et al. (1990) hypothesized that because
Fe inputs are extremely low in these pelagie waters and Fe availability is
severely restricted (for the above mentioned reasons), phytoplankton produc-
tion may be Fe limited. Recently, this hypothesis has been successfully tested
(Martin et al., 1994; Takeda et al., 1995; Zhuang et al., 1995). The mechanis-
tic basis for Fe limitation is the inability of phytoplankton to meet the Fe
requirements for the synthesis of nitrate and nitrite reductases.
Fe is also a cofactor of the N2 fixing enzyme complex nitrogenase (Fogg,
1974; Yates, 1980), and as such diazotrophic microorganisms exhibit a rela-
tively high demand for this metaI. It has been suggested that constraints on Fe
availability in N-limited waters (i.e. those regions of the oceans not exhibiting
"excess N and P") may restrict the geographic distributions and activities of
pelagie diazotrophs, including Trichodesmium and the Richelia-Rhizosolenia
symbiosis (Rueter et al., 1992). This possibility has recently been evaluated
in chronically N-deficient western Atlantic (Gulf Stream, Sargasso Sea)
waters known to be frequented by these assemblages (Paerl et al., 1994).
Using bioassays of naturally-occurring and cultured (on Sargasso Sea water)
Trichodesmium populations, it was shown that both chelated (EDTA) and
non-chelated forms of Fe (as FeCI3) stirnulated N2 fixation and growth (as
chlorophyll a increase) relative to untreated controls. Maximum stimulation
occurred in response to FeEDTA (Fig. 6), indicating that a chelated form of
this metal was most available. EDTA alone also led to stimulation. This stim-
ulation was not due to detoxification of potentially-toxic (and hence inhibi-
tory) metals such as Cu. Possibly, the added EDTA was capable of chelating
existing forms of Fe in the water column, thereby minimizing their "loss" via
precipitation (Paerl et al., 1994).
The atmosphere is the main route by which Fe is supplied to the open
ocean (Duce et al., 1991). Rueter et al. (1992) suggested that by forrning
large buoyant aggregates near the water's surface, Trichodesmium was able to
intercept particulate Fe (in the web-like matrix of trichomes) from natural and
anthropogenic aeolian sources (volcanic emissions, dust generated from
desertification, air pollution from industrial and automotive emissions)
(Churchetal., 1984; Duce etaI., 1991).
Freshwater diazotrophic cyanobacteria (Anabaena spp.) to produce potent
chelators capable of sequestering Fe from ambient waters at exceedingly low
levels, providing a competitive advantage over eukaryotic, combined N-requir-
ing phytoplankton (Murphy et al., 1976). This mechanism may play a similar
role in the marine environment.
Dissolved organic matter (DOM) has also been mentioned as a possible
modulator of cyanobacterial growth and bloom potentiaI. Early studies
(Fogg, 1969) cite DOM as a factor potentially controlling cyanobacterial
blooms. DOM could support and stimulate cyanobacterial growth by inducing
nutrient assirnilatory enzymes and heterotrophy (Antia et al., 1991). In addition,
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Figure 6. a. Trichodesmium IMS lOi N2fixation (nitrogenase activity) responses to
additions of the required metals iron (Fe) and molybdenum (Mo). Trichodesmium
IMS 101 was originally obtained from Gulf Stream waters off the Atlantic coast of
North Carolina, USA (Paer! et al., 1994). This strain was capable of growth on Gulf
Stream water in the laboratory under a 14h light (80 JlEinsteins m-2sec l photosyn-
thetically active radiation) 10 h dark cycle. Freshly-collected Gulf Stream water was
amended (in triplicate) with either Fe (as FeCI3), EDTA, FeCl3 + EDTA, molybde-
num (as Na2Mo04)' or FeCl3 + EDTA + molybdenum at the concentrations shown...
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DOM is an energy and nutrient source for associated heterotrophic bacteria
(Fig. 5), known to forrn synergistic interactions with cyanobacteria (Paerl &
Pinckney, 1996). When examining freshwater lakes on a local scale, direct
(positive) relationships between trophic state (i.e. oligotrophic systems con-
taining low DOM, to eutrophie having relatively high DOM) and cyanobacte-
rial dominance can at times be observed. Regional examinations however
yield no consistent trend, and other coinciding factors, such as pH, alkalinity
and hardness hinder being able to establish simple direct mechanistic rela-
tionships. In addition, it has been pointed out by Fogg (1969) and others
(Lange, 1967; Walsby, 1972; Paerl, 1990) that elevated DOM may be a result
(due to DOM excretion, bacteria and viral lysis, and "sloppy feeding" on
cyanobacteria by grazing zooplankton) as opposed to cause of cyanobacterial
blooms. Because, as a group, cyanobacteria are capable ofutilizing organic N
sources (amino acids, urea) (Paerl, 1988b, 1991; Antia et al., 1991), and such
sources appear to be increasing in anthropogenic N discharges (atmospheric,
runoff, groundwater), their potential impacts on cyanobacterial growth and
competitive interactions should be investigated.
We have noticed a strong correlation between ammonium (NH~) concen-
trations and growth responses of estuarine cyanobacteria (Pinckney et al., in
preparation). Cyanobacterial biomass and growth responses are often signifi-
cantly higher for NH~ than N 0 3 when administered at equimolar amounts
(Fig. 7). After extensive rainfall and runoff in the summer of 1995 and the the
passage of Hurricane Fran in September 1996, severe anoxia led to elevated
NH~ concentrations and corresponding cyanobacterial blooms in the Neuse
estuary (Fig. 8). These observations suggest a linkage between the stimula-
tion of cyanobacterial growth and ammonium enrichment. More detailed
studies of the causal mechanisms and processes (e.g., positive feedback,
anoxia and ammonium regeneration induced by bloom events) underlying
this relationship are warranted.
What is the role of turbulence?
In examining the suite of physical-chemical factors potentially controlling
establishment and persistence of planktonic cyanobacteria, turbulence
assumes a central role. Vertical mixing can be a strong determinant of domi-
nance among heterocystous and non-heterocystous cyanobacteria (Reynolds &
Walsby. 1975; Paer!, 1988a; Vincent, 1987). When stratification is experienced
.. Treatments were incubated for 5 days and assayed for nitrogenase activity, using the
acetylene reduction method (see Paerl et al., 1994). Controls were unamended Gulf
Stream water. Error bars represent one standard deviation from the mean among
triplicate samples. b. Trichodesmium IMS lOI growth responses (as Chlorophyll a)
to Fe (as FeCI3). EDTA, FeCl3 + EDTA, copper (Cu, as CuS04)' and Cu + EDTA
additions at final concentrations shown. Growth conditions and incubation period
were as described for figure 6a. Contrais were unamended Gulf Stream water. Error
bars represent one standard deviation from the mean among triplicate samples.
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Figure 7. Results of a nutrient addition bioassay on water collected from the Neuse
River Estuary, August 1996. Equimolar concentrations of nitrate and ammonium
were added and changes in photopigment concentrations (mg m-3) were measured
after 2 days incubation under natural irradiance. Phytoplankton growth for ail
groups (as Chi a) was stimulated by by both N sources, illustrating that the commu-
nity was N-limited. Cyanobacteria (zeaxanthin) showed a significant!y (p < 0.05)
higher response for ammonium additions. Diatoms (fucoxanthin) and cryptomonads
(alloxanthin) showed no difference in biomass accumulation for the two N sources.
during favorable growth periods (summer), cyanobacterial blooms can
quickly re-emerge, leading to long-term dominance (Paer!, 1987). Shallow,
periodically mixed lakes such as Clear Lake, CA, Klamath Lake, OR, Lake
Victoria (embayments), Africa, the brackish Baltic Sea and a wide suite of
agricultural and urban impoundments exhibit these tendencies (Reynolds &
Walsby, 1975; Horne, 1977; Reynolds, 1987; Paerl, 1988a).
Both the magnitude and duration of turbulence alter phytoplankton (bloom-
forming dinoflagellates and diatoms) growth rates and structural integrity
(Thomas & Gibson, 1990). Among cyanobacteria, non-disruptive (to cell, colo-
nial or filament integrity) low-Ievel turbulence is known to promote localized
"phycosphere" nutrient cycling, alleviate certain forms of nutrient limitation
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Figure 8. Spatio-temporal characterization of phytopJankton blooms in the Neuse
River Estuary, North Carolina, USA, dUling 1994-1996, using diagnostic (for major
phytoplankton functional groups) carotenoid photopigments. Note that cyanobaete-
rial blooms were most apparent during mid- to late summer months in the oligo- to
mesohaline segments of the estuary. In mid-summer of 1995 and 1996, cyanobacte-
rial blooms fol1owed periods of extensive bottom water hypoxia and anoxia (Paerl el
ai., 1998). which Jed to water column ammonium (released from anoxie sediments)
enrichment.
See color plates at the end of the volume.
(C02, PO~-, trace metals) and enhance growth (Fogg el al., 1973). Gently
stirred cultures of bloom-forming genera frequently show better growth than
static cultures. Subtle increases in turbulence (either as stirring or shaking)
can, however, reduce N2 fixation and growth (Fig. 9), with excessive turbu-
lence causing disaggregation, cell damage and rapid death "crashes" among
diverse colonial genera in culture and in nature. Optimal N2 fixation, photo-
synthetic rates and growth in these genera have been shown to be strongly reli-
ant on mutually-beneficial microbial (heterotrophic-autotrophic) consortial
interactions functioning within the phycosphere of filaments and aggregates of
colonial genera (Paer! & Kellar, 1978: Paer!, 1990). Interactions include nutri-
ent and vitamin exchange and localized removal of inhibitory metabolites such
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Figure 9, Negative effects of oscillating shaking on rates ofNzfixation in Trichodes-
mium IMS 101 cultures. Nitrogenase activity was determined periodically through-
out shaken and non-shaken treatments. When shaking was stopped, nitrogenase activity
increased, indicating that the negative effects of shaking were reversible in this colo-
nial planktonic diazotroph. Some disaggregation of colonies was observed during
the shaking treatment. Re-aggregation occurred once shaking ceased.
as Oz and H2S. It is suspected that turbulence can disrupt beneficial consortial
interactions, and thus act as a negative growth factor.
Excessive small-scale, cellular-level turbulence or shear (Hunt, 1982),
generated as stirring or shaking at high speeds, can negatively affect N2 and
COz fixation among bloom-forming heterocystous Nz fixing cyanobacteria
(Kucera & Paerl, in preparation; Table III). The junctions between heterocysts
and adjacent vegetative cells are narrow, fragile, prone to disruption and sites
of filament breakage (Lang & Fay, 1971; Wolk, 1982; Paer! et al., 1995a).
When filament breakage involving heterocysts occurs, affected heterocysts
100se their ability to fix Nz (reduce acetylene) and maintain Oz-free condi-
tions, as witnessed by absence of tetrazolium salt (TTC) reduction (Paerl &
Bland 1982). Affected heterocysts senesce and are shed.
While small-scale shear can lead to disaggregation and structural damage,
large-scale estuarine wind and tide-induced mixing affects vertical and hori-
zontal distributions and transport of cyanobacterial bloom taxa. Many hetero-
cystous and non-heterocystous genera (Anabaena, Aphanizomenon, Oscil-
latoria) can regulate buoyancy by varying intracellular gas vescicles (Walsby,
1972; Konopka, 1984), a feature aimed at assuring optional (for growth) ver-
tical orientation (with respect to light and nutrient regimes) in the water
column (Reynolds & Walsby, 1975). In highly turbulent waters, the ability to
maintain optimal vertical positioning can be overcome by mixing (Reynolds,
1987), which negatively affects growth and long-term competition (for nutri-
ent and radiant energy resources) with eukaryotic phytoplankton adapted to
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Table III. Impact of small scale (mm scale) shear stress, representative of wind shear
estuarine and coastal surface waters (mixed layer), on CO2 and N2 fixation
(nitrogenase activity) in the heterocystous cyanobacterial bloom species Anabaena
oscillarioides and Anabaena circinalis (data from Kucera and Paer! submitted).
A. oscillarioides A. circinalis
N2 Fixation CO2 Fixation N2 Fixation CO2 Fixation(nmol C2H4 (mgC (nmol C2H4 (mgC
mgChl- 1 h- 1) mgChl- 1 h- l ) mgChl- 1 h- I ) mgChl-1 h- 1)
C 4.98 (1.8) 2.31 (0.5) 8.52 (1.2) 1.75 (0.6)
L 4.26 (1.5) 2.03 (0.4) 7.27 (1.1) 1.65 (0.4)
H 3.29 (1.5) 1.34 (0.5) 4.92 (0.9) 1.32 (0.3)
Well-defined shear forces were imparted by Couette chambers. Control conditions
(C) represented no shear stress, low shear (L) represented moderately windy,
while high shear (H) represented highly windy conditions.
Numbers in parentheses indicate standard error.
variable light and nutrient regimes (diatoms, chlorophytes, chrysophytes,
etc.). Physical forcing of this sort is considered to play an important role in
shaping phytoplankton competitive interactions, community composition and
succession on short-term (diel) and longer-term (seasonal; interannual) bases
(Reynolds & Walsby, 1975; Paer!, 1988a). Recently, Kucera (1996) tested
the possibility that the relatively turbulent conditions characterizing wind-
exposed, highly-mixed estuarine and coastal surface waters might control N2
fixation in sorne heterocystous genera (Anabaena, Nadu/aria) and therefore
represent a potential barrier to their expansion (Table III). The working hypo-
thesis was that small scale turbulence, or shear, is an environmental impe-
diment to N2 fixation and thus negatively affects the competitive advantage
that these diazotrophs might otherwise enjoy in N-limited waters experienc-
ing excess shear stress. The negative impacts could be due to: 1) breakage of
cyanobacterial filaments, specifically at the delicate heterocyst-vegetative cell
junction, causing O2 inactivation of nitrogenase in heterocysts (Fogg, 1969),
and 2) disruption of phycosphere bacterial-cyanobacterial associations,
known to promote N2 fixation and growth potentials of host cyanobacteria
(Paer! & Kellar, 1978; Paer! & Gallucci, 1985; Paer! & Pinckney, 1996).
CONCLUDING REMARKS
Cyanobacteria are a ubiquitous, and at times, dominant fraction of estua-
rine and oceanic primary production. Despite the fact that this group of photo-
synthetic prokaryotes is structurally simple, it is physiologically diverse and
extremely well-adapted to environmentally-extreme conditions; especially
nutrient deprivation and excesses. A wide variety of morphological, physio-
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logical and biotic survival and opportunistic competitive strategies can be
found in this phylum. As such, cyanobacteria have been able to take advan-
tage of natural (geological, climatic) and man-induced (eutrophication) envi-
ronmental change in the world's oceans. Growth, numerical dominance and
bloom dynamics are controlled by the complex interplay of nutritional, phys-
ical and biotic factors characterizing the world's estuarine, coastal and open
ocean habitats. Cyanobacteria are particularly adept in exploiting physically
and chemically "extreme" but "stable" environments, such as highly-strati-
fied, excessively illuminated, nutrient-deprived or nutrient-enriched surface
waters, tropical and polar hypersaline ponds, sulfidic benthic environments
and unique biotic associations (consortia, mutualism, symbioses).
As human influences and perturbations such as climate change, nutrient-
enrichment, stoichiometric imbalances and xenobiotic pollutant discharge
continue to encroach on the coastal zone and beyond, there are reasons to
believe that cyanobacterial dominance will increase in stressed waters. In
part, the opportunistic "behavior" typifying cyanobacteria can be attributed to
a long evolutionary history (i.e., "they've seen it aIl") that has endowed this
group with remarkabIe survival and adaptational qualities. As human environ-
mental influence on the world's oceans increases, so will the biogeochemical
and trophic roIes of cyanobacteria. In many ways, cyanobacteria are the pro-
verbial "canary in the mine" indicator of environmental change, except
instead of dying, this indicator may weIl benefit from such a change.
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ABSTRACT
Protein biomarkers represent physiological tools for assessing the nutrient
status of specifie organisms. Properties of PstS, encoding a component of the
marine Synechococcus and Prochlorococcus high-affinity P-uptake system,
are described, which should allow its use as a diagnostic marker for determin-
ing the P status of natural populations of marine photosynthetic prokaryotes.
We also present an initial characterisation of polypeptides whose synthesis is
induced or de-repressed under conditions of N-depletion in the marine Syne-
cllOCOCCUS sp. WH7803 and which may prove useful as biomarkers for the
N-deplete state in these organisms.
INTRODUCTION
At a meeting in Asilomar, Califomia in 1991 a group of researchers identi-
fied three key areas of ecosystems research that would greatly benefit from the
input of molecular techniques: i) the "identification of factors limiting and reg-
ulating the biologically driven flux of geochemically important elements, espe-
cially those related to climate"; ii) an "understanding of the important processes
that determine the ability of organisms to adapt physiologically to environmen-
tal changes" and iii) "assessment of the impact of long-term environmental
changes on the stability, diversity and function of biological communities".
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Since the world's oceans represent a major site of C fixation - around 30 giga-
tons of the greenhouse gas carbon dioxide is fixed per year with up to a half of
this fixed carbon dioxide contributed by the oxygenic photoautotrophs repre-
sented by the genera Synechococcus and Prochlorococcus - photosynthetic
picoplankton are thus implicit to this "biological flux" and represent excellent
model organisms with which to study ail these problems. Certainly, an under-
standing at the molecular level of the factors "Iimiting" these organisms and the
mechanisms they utilise in adapting to external stimuli is highly desirable.
One of the main factors "Iimiting" the production (growth rate or growth
yield) of these organisms is the availability of nutrients, and during the last few
years etTorts have been made to indeed use molecular techniques to assess the
nutrient status of these organisms (Lindell et al.. 1998; Scanlan et al., 1993,
1997). These techniques otTer the possibility of analysing the status of indivi-
dual cells, populations or communities in situ without perturbation or manipu-
lating the environment. The idea is to use the physiological response of the
organism to identify protein markers whose synthesis is modified during
depletion for a given nutrient. Ideally, a knowledge of the biochemical and
genetic regulation of the marker protein is required, in order to assess whether
differential expression of the protein can be used to distinguish between a
range of nutrient-limited growth rates and thus give an indication of the extent
of "limitation", or can indicate only starvation for the nutrient. Insights into the
rapidity of repression of synthesis of the protein biomarker on re-addition of
the limiting nutrient are also valuable especially if it is known that the protein
has a slow turnover rate, since the subsequent interrogation of individual cells
using antibodies raised against the "molecular marker" is essentially attempt-
ing to assess the nutrient status at a particular instant in time, rather than iden-
tifY"limitation" at sorne time in the past. In principle, a molecular marker can
be used not only for distinguishing a nutrient deplete state, but also for assess-
ing the utilisation of particular substrates in time and space. Recently, Collier
et al. (1999) have characterised the expression of the enzyme urease in the
marine Synechococcus sp. WH7805 which will be useful for investigating urea
utilisation in natural assemblages of cyanobacteria. The use of antibody probes
has several advantages over classical methods e.g. bottle incubation experi-
ments, not least the avoidance of sample manipulation, but also the high sensi-
tivity and taxon specificity of the procedure - dependent on the extent of cross-
reactivity of the antiserum - as weil as the potential to detect and quantitate
expression in single cells by flow cytometry using fluorescently linked second-
ary antibodies. The work described here summarises work performed in iden-
tifying a protein biomarker potentially useful for assessing the P status of
Synechococcus and Prochlorococcus and also identifies proteins whose syn-
thesis is specifically induced during N starvation in a Synechococcus sp., so
that in future a dual assessment of the N and P status of cyanobacterial cells
might be determined in situ.
MATERIALS AND METHODS
The main marine isolate used in this study was Synechococcus sp. WH78ü3.
Growth was in batch culture under constant illumination (5-36 ilE m-2 s-') at
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25°C in a chemically defined artificial seawater medium (ASW) (see Wilson
et al., 1996). ASW-N medium contained no combined N source and was pre-
pared by omitting NaN03 from the ASW medium. N-depletion experiments
were conducted by transfer of Synechococcus sp. WH7803 from ASW to
ASW-N medium and allowing cells to exhaust the N-supply. In vivo labelling
of polypeptides with 35S-methionine (Scanlan et al., 1993) and PstS whole
ceIl immunofiuorescence assays (Scanlan et al., 1997) have been previously
described.
RESULTS & DISCUSSION
A polypeptide of 32 kDa with homology to the PstS protein of
Escherichia coli, encoding a periplasmic-binding protein, has been identi-
fied as an abundant component of the ceIl walls of P-deplete Synechococcus
sp. WH7803 cells (Scanlan et al., 1993). Synthesis of the Synechococcus sp.
WH7803 PstS is i) specifie to P-depletion, being absent in N or S-starved
cells ii) tightly regulated by the availability of inorganic phosphate (Pi) - it is
induced or de-repressed at external Pi concentrations of less than 50 nM and
rapidly repressed (within six hours) by the re-addition of Pi ta P-deplete cells
and iii) is also repressed by growth of Synechococcus sp. WH7803 on vari-
ous organic P sources, for example glycerol phosphate, glucose-6-phos-
phate, dCTP or p-nitrophenyl phosphate, but not cAMP (Scanlan et al.,
1997). Antibodies raised against PstS cross-react with P-depleted Synecho-
coccus and Prochlorococcus cells isolated from several oceanic regions but no
marine heterotrophs or diatoms so far tested, suggesting a general specificity
towards prokaryotic photosynthetic picoplankton. PstS expression has been
specifically detected using standard immunoblotting techniques both in meso-
cosm samples in a Norwegian fjord - in which the N:P ratio was mani-
pulated to mimic P depletion (Scanlan et al., 1997) - and in natural Prochlo-
rococcus and Synechococcus assemblages in the North Atlantic (N.J. West
& D.J. Scanlan, unpublished observations). The latter includes the high
N:P area of the Sargasso Sea (Michaels et al., 1996). Moreover, an immuno-
fluorescence assay has been developed which can detect PstS expression in
single P-depleted Synechococcus cells (Fig. 1).
In order to complement the above studies, and ultimately to provide a diag-
nostic antibody for assessing the N status of these organisms, we have started
to characterise the response of Synechococcus sp. WH7803 to N-starvation in
order to identify polypeptides whose synthesis is tightly regulated by the
availability of a combined N source. Samples from cultures at different stages
of growth were pulse labelled for approximately six hours with [35S]-methio-
nine after transfer from ASW into ASW-N medium. After 7 d growth, by
which time growth had ceased, alterations in phycobiliprotein composition
and especially a reduction in the phycoerythrin content of ceIls was observed,
as was the induction of polypeptides of approximately 14 kDa, 36 kDa and
60 kDa in size (Fig. 2). The synthesis of these polypeptides appears ta be spe-
cifie for N-depletion being absent in cells grown in ASW or ASW-P medium.
The 60 kDa polypeptide was localised to a specifie cellular compartment
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Figure 1. Single cell immunoflLlorescence detection of PstS expression in Synecho-
coccus sp. WH 7803 cells groWJl Linder either P-deplete or P-replete conditions and
mixed prior to being challenged with affillity-purified PstS primary antibody and
FITC-labelJed secondary antibody. P-deplete cells are labelled positively (green
FITC-Iabelled halos around cells) whilst P-replete cells merely show a yellow
phycoerythrin autofluorescence.
See color plates at the end of the volume.
using differential detergent solubility and sucrose gradient centrifugation and
found to be localised with the cell wall fraction. However, both the N- termi-
nus and an internaI fragment cleaved by chymotrypsin were refractory to
microsequencing suggesting these termini to be chemically blocked.
Earlier studies have investigated growth, nitrate and ammonium uptake,
and photosynthetic responses ta N availability in marine Synechococcus spp.
(Gliben el al, 1986, Glibert & Ray, 1990). These have demonstrated that
breakdown of phycobiliproteins can occur during periods of N-depletioJl,
though there seems to be considerable strain variation in the rate and extent of
decline. For example, a rapid (ca. 24 h) and significant (> 85%) reduction in
phycobiliproteins occurs in a coastal strain Synechococcus WH8018, but a
lesser « 25%) and slower (3 d) decline occurs in Synechococcus WH7803
and WH8 103 (Kana el al., 1992).
The synthesis of specifie polypeptides induced during N-deplete growth of
a marine Synechococcus has thus far not been reported. Antibodies raised
against one or more of these proteins may provide a useful means for assess-
ing the N-status of these organisms. Further work is required to determine the
expression of these polypeptides during growth on alternative N sources e.g.
ammonium or urea and at varying growth rates, as weil as their sub-cellular
localisation before they can be deemed useful as markers of cellular N status.
Theil' function and identification. at present. remain cryptic.
Recently, Lindell et al., (1998) reported the c10ning and sequencing of a
ntcA homologue in a marine Synechococcus sp. and using the PCR identified
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Figure 2. An autoradiograph of an SDS-PAGE
10-30% gradient gel of polypeptides from ce Ils
of Synechococclis sp. WH 7803 pulse-Iabelled
with [35S]-methionine after growth in the following
medium: a) ASW-N b) ASW-P and c) normal ASW.
The lanes are loaded with equal amounts of
protein (20 ~g). The sizes of polypeptides
induced during growth in ASW-N medium are
indicated as M, x JO-3.
60-
36-
14-
the gene in a number of marine Synechococcus strains as weil as in Prochlo-
rococcus. ntcA is transcribed in marine Synechococcus when ammonium is
absent and appears to regulate the utilisation of alternative N-sources. The
Synechococcus sp. WH7803 ntcA gene encodes a polypeptide of approx.
25 kDa so is probably not one of the proteins identifled here, but its expres-
sion indeed has potential for assaying the N-status of natural cyanobacterial
populations. The role of ntcA has been much more thoroughly studied in
freshwater cyanobacterial strains (Luque et al., 1994), as have other compo-
nents of the N acquisiton machinery (Omata, 1995), such work being greatly
aided by the weil characterised genetic systems of these organisms. The
recent development of a genetic manipulation system for the marine Syne-
chococcus genera (Brahamsha, 1996) will allow targetted mutagenesis of
specifie components of both the N and P acquisition machineries which will
allow a functional characterisation of any putative molecular marker. These
advances will go a long way towards confirming the suitability of molecular
techniques in answering key questions in cyanobacterial marine ecology.
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ABSTRACT
Nitrogen fixation is an important process in many marine microbial mats.
The majority of microbial mats are formed by non-heterocystous cyanobac-
teria. Although these organisms are capable of nitrogen fixation, they are
clearly less efficient than species that form heterocysts. Heterocystous cyano-
bacteria are best adapted for diazotrophic growth, but it is not understood
why these species are rarely present in marine microbial mats. Although
sulfide inhibits nitrogen fixation in heterocystous cyanobacteria to sorne
extent, this could not explain their absence in mats. Oxygen dynamics may be
more important as selective factor. Sulfide stimulated nitrogenase activity in
mats of non-heterocystous cyanobacteria up to 30-fold. Nitrogen fixation was
also greatly stimulated when mats of non-heterocystous cyanobacteria were
fertilized with phosphate, or exposed to a tidal regime or elevated salinity.
These treatments resulted in markedly lower oxygen concentrations in such
mats.
INTRODUCTION
Microbial mats are benthic communities of microorganisms of which the
majority are formed by cyanobacteria (Stal et al., 1985). They form laminated
structures. Different functional groups of rnicroorganisms may occur in verti-
cally stratified layers (van Gemerden, 1993).
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Cyanobacteria are weIl adapted to colonize the extreme environments in
which microbial mats are formed today. By their oxygenic photosynthetic
activity they enrich the sediment with organic matter. The high oxygen
demand present in the microbial mat may cause permanent anoxie conditions
below the zone of oxygenic photosynthesis while at night anoxie conditions
may persist throughoul. The obligately anaerobic sulfate-reducing bacteria
are responsible for the oxidation of low-molecular weight organic com-
pounds in marine microbial mats. These bacteria produce sulfide. The vertical
stratification is the result of steep and fluctuating physicochemical gradients,
particularly of light, oxygen and sulfide (Revsbech et al., 1983).
An important property possessed by many, although not aIl, cyanobacteria
is their capacity to fix atmospheric nitrogen (Gallon, 1992). Nitrogen fixation
is a key process in the majority of marine microbial mats and stromatolites
(Stal et al., 1984; Pinckney et al., 1995).
Nitrogen fixation in cyanobacteria
The biological fixation of dinitrogen is carried out by a relatively small
number of specialized microorganisms, without exception prokaryotes. An
important aspect of nitrogen fixation is its extreme sensitivity to oxygen (Gal-
lon, 1992). Many cyanobacteria possess the capacity of nitrogen fixation. As
oxygenic phototrophic prokaryotes these organisms easily meet the require-
ments of nitrogenase for energy and low-potential reductanl. However,
cyanobacteria evolve oxygen and this seems paradoxical with regard to the
sensitivity of nitrogen fixation to il. Cyanobacteria have solved this problem
essentially in three different ways. One group of cyanobacteria is capable of
nitrogen fixation only under anaerobic conditions. Their strategy is avoidance
of oxygen. The second group separates the two incompatible processes of
nitrogen fixation and oxygenic photosynthesis spatially in two different cells.
These cyanobacteria form heterocysts. Heterocysts are differentiated cells
that have lost the capacity of oxygenic photosynthesis and that are the site of
nitrogen fixation in these cyanobacteria (Gallon, 1992). Heterocystous cyano-
bacteria are probably best adapted to diazotrophic phototrophic growth. Inter-
estingly, heterocysts are not an absolute prerequisite because sorne non-
heterocystous cyanobacteria are capable of nitrogen fixation under fully aero-
bic conditions (Bergman et al., 1997). It has been suggested that these organ-
isms, in analogy with the heterocystous cyanobacteria, separate nitrogen
fixation and photosynthesis temporally. The mechanisms by which these
organisms protect nitrogenase from oxygen inactivation are, however, poorly
understood. There is no doubt that nitrogen fixation in non-heterocystous
cyanobacteria is hindered by oxygen and that they are less weil adapted than
their heterocystous counterparts.
Nitrogen fixation in microbial mats
DAY-NIGHT VARIATIONS OF NITROGEN FIXATION IN MICROBIAL MATS. When
measuring nitrogenase activity in marine microbial mats over a whole 24-h
period, different patterns may be observed (Fig. 1). Microbial mats formed by
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a
b
c
Figure 1. 24-h patterns of nitrogenase
activity in microbial mat of (a) hetero-
cystous cyanobacteria, (b and c) different
types of the non-heterocystous cyanobac-
teria (b, aerobic non-heterocystous nitro-
gen-fixing cyanobacteria and c, anaerobic
non-heterocystous nitrogen-fixing cyano- 0
bacteria).
6 12 18
Time (hr)
24
heterocystous cyanobacteria as the diazotrophic component confine nitroge-
nase activity predominantly to daytime, emphasizing their strong dependence
on light energy (Fig. la). On the contrary, non-heterocystous, aerobic nitro-
gen-fixing cyanobacteria show activity almost exclusively at night (Fig. 1b).
This illustrates the incompatibility of oxygenic photosynthesis and nitrogen
fixation in these organisms. The third pattern that may be observed does not
reveal a clear day-night variation and this can be found in microbial mats in
which anaerobic nitrogen-fixing cyanobacteria are present (Fig. lc).
EFFECT OF OXYGEN ON NITROGEN FIXATION IN MICROBIAL MATS. Microbial
mats of the North Sea island of Texel (The Netherlands) were composed of
Oscillatoria spp. Sediment cores of these mats were incubated in aquaria
under artificial illumination at a 16-8 h light-dark cycle. In the control, the
water level was adjusted in such a way that the mat surface was just exposed.
In another aquarium a tidal movement was simulated, during which the mat
surface was alternating exposed and inundated. In other incubations the
effects of elevated salinity and of fertilization with 100 !lM phosphate were
tested. The oxygen profiles in the mats subjected to the different treatments
were measured in the light using microelectrodes (Fig. 2).
In the control incubation, the vertical profile of oxygen showed the typical
pattern, often seen in microbial mats. At the mat surface oxygen concentra-
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Figure 2. Vertical oxygen profiles in a nitrogen-fixing microbial mat subjected to
different treatment. Oxygen was measured using Clark-type microelectrodes.
tion equaled air saturation. The concentration of oxygen increased just below
the surface and reached a peak value of moderately super saturation at about
250 /.lm depth (Fig. 2). Below that depth oxygen concentration rapidly
decreased and anoxie conditions were present at a depth of 1.4 mm. Each of
the three other treatments resulted in totally different oxygen profiles. The
tidal regime and phosphate fertilization experiments showed similar oxygen
profiles. Already the surface of the mat experienced oxygen concentrations
weil below air saturation and anoxie conditions were established at a depth of
0.7 mm. Oxygen concentrations in the mat exposed to elevated salinity were
a1so weil below the control experiment but clearly higher than in the other
two incubations. These profiles indicate that the treatments have caused a
strongly enhanced oxygen uptake. The mats that were subjected to the differ-
ent treatments were also assayed for nitrogenase activity. The results of these
measurements are summarized in Table 1. Nitrogenase activity was measured
in the light. As was expected, the control experiment possessed only a low
activity. However, each of the treatments resulted in a dramatic increase of
nitrogenase activity. The amount of stimulation of nitrogenase correlated with
oxygen concentration.
EFFECT OF SULFIDE ON NITROGEN FIXATION IN MICROBIAL MATS. Villbrandt &
Stal (1996) studied the effect of sulfide on nitrogenase in two different types
of microbial mats, found in coastal lagoons in France. One mat was com-
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posed of non-heterocystous cyanobacteria Oscillatoria spp. while the other
mat was formed by a heterocystous cyanobacterium Anabaena sp. The cyano-
bacteria in the non-heterocystous mat were found to be capable of fixing
nitrogen exclusively under anaerobic conditions. It was hypothesized that
sulfide might be an important factor for the selection of the type of nitrogen-
fixing cyanobacteria (Villbrandt & Stal, 1996).
Samples of the mat were incubated with various concentrations of sulfide.
The results of Villbrandt & Stal (1996) are summarized in Table Il. Sorne
interesting differences were noted between the two mats. The specific (chlo-
rophyll a-based) nitrogenase activity was much higher in the mat formed by
the heterocystous species. In the control experiment, in the absence of added
sulfide, the heterocystous mat possessed a 300-fold higher nitrogenase activ-
ity as compared to the non-heterocystous mat. This reflected the superiority
of the heterocystous cyanobacteria compared to the non-heterocystous spe-
cies when considering nitrogen fixation in the light. When sulfide was added,
nitrogenase activity in the non-heterocystous cyanobacteria was markedly
stimulated. Maximum stimulation was achieved when 5 mM sulfide was
added which resulted in a 30-fold higher activity compared to the control.
Even at 10 mM sulfide nitrogenase activity was still 15 times higher than the
control. In contrast, the mat of the heterocystous cyanobacterium was to a
certain extent inhibited by the addition of sulfide. However, even at 10 mM
sulfide 45% of the nitrogenase activity remained.
DISCUSSION AND CONCLUSIONS
Despite a considerable effort during the past 30 years it is still an enigma
how non-heterocystous cyanobacteria are capable of sustaining aerobic nitro-
gen fixation. However, there is no doubt that oxygen presents a serious prob-
lem for nitrogenase in these species (Bergman et al., 1997). It was notable
that in microbial mats nitrogenase activity increased dramatically when the
concentration of oxygen decreased (Table 1 and Fig. 2). These results do not
allow distinguishing between two alternative explanations. On the one hand,
nitrogenase activity may experience relief from oxygen inhibition, when
phosphate fertilization, tidal regime or elevated salinity caused an increase in
Table 1. Effect of different treatments on nitrogenase activity
in a microbial mat. Numbers are the mean ofthree measurements ± SD.
Experiment Nitrogenase activity(nmol C2H4 cm-2 h- I)
Control 2±1
Elevated salinity 31 ± 5
Phosphate fertilization 164±18
Tidal regime 234 ± 21
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respiration or, altematively, an inhibition of photosynthesis. On the other
hand, it is also possible that these treatments resulted in a stimulation of the
nitrogen fixation activity due to growth of certain cyanobacteria of the mat.
This wouId increase the need for nitrogen and consequently explains the
increase of nitrogenase activity. In cultures of non-heterocystous nitrogen-
fixing cyanobacteria high nitrogenase activities have been shown to coincide
with net oxygen uptake, even in the light (Stal & Krumbein, 1987).
It can be questioned why heterocystous cyanobacteria in most diazotrophic
microbial mats are not successful. These species are obviously best adapted
for diazotrophic mode of life, since they simultaneously perform oxygenic
photosynthesis, growth and nitrogen fixation, which is protected from oxygen
inactivation in the heterocyst. In these species, nitrogenase is directly pro-
vided with energy and low-potential electrons from photosynthesis. One
aspect that merits closer attention is the role of sulfide. Sulfide is extremely
toxic for virtually ail Iife. However, a considerable range of tolerances
towards sulfide can be found among different organisms. Heterocystous
cyanobacteria may be more sensitive to sulfide than other cyanobacteria. This
has been observed in hot spring microbial mats (Castenholz, 1976; Jorgensen
& Nelson, 1988) as weil as in isolated cultures (Villbrandt & Stal, 1996).
Sulfide indeed exerted a negative effect on nitrogenase activity in the mat
of the heterocystous cyanobacterium Anabaena sp. (Table II). However, the
extent of the inhibition was not very large and 45% of the activity remained in
the presence of 10 mM sulfide. Such high sulfide concentrations will only
rarely be encountered in microbial mats. Moreover, it must be observed that it
is particularly the gaseous species of H2S that is toxic (VilIbrandt & Stal,
1996). Hydrogen sulfide dissociates in a pH-dependent reaction and therefore
gaseous H2S will represent only a minor part of the total sulfide under the
usually alkaline conditions in marine microbial mats. It is therefore con-
cluded that sulfide is unlikely a factor that selects against heterocystous
cyanobacteria in microbial mats. However, sulfide may be essential for nitro-
gen fixation in mats of non-heterocystous cyanobacteria. It is obvious that
sulfide greatly stimulates nitrogen fixation in mats of non-heterocystous
Table II. Effect of su1fide additions on nitrogenase activity in two different
microbia1 mats. Data from Villbrandt & Stal, 1996.
Sulfide added NZ" ase activity (omol CZ"4 (ChI a)-I h-')
(mM) Oscillatoria mat Anabaena mat
0 14 4769
0.5 126 4113
1 85 1599
5 405 2592
10 211 2129
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cyanobacteria. Not only will the presence of sulfide substantially lower the
oxygen level but it acts also as an inhibitor of oxygenic photosynthesis and it
may even serve as electron donar. The ecological significance of anaerobic
nitrogen-fixing cyanobacteria in microbial mats seems therefore indissoluble
associated with the presence of sulfide.
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INTRODUCTION
In situ experiments have confirmed that iron is the limiting element for
phytoplankton in large areas of the Pacifie and Southern Oceans (Martin et
al., 1994). Coccoid cyanobacteria such as Prochlorococcus and Synecho-
coccus are the dominant organisms in the iron-limited tropics, yet compared
to algae, cyanobacteria have higher iron requirements relative to macronutri-
ents (Brand, 1991). Thus, we have sought to test the hypothesis that Syne-
chococcus also may exhibit physiological symptoms of iron stress, even
while growing at moderate rates. We recently reported the effects of iron
stress on growth, photosynthesis and respiration in batch cultures of marine
Synechococcus strains WH7803 and A2169 provided with 150 ~M nitrate and
10 ~M phosphate (Henley & Yin, 1998). Both strains exhibited about a ten-
fold decrease in yield at 3.6 compared to 900 nM iron, whereas specifie
growth rate (~) decreased about two-fold between 90 and 18 nM iron. Severe
iron stress also decreased cellular chlorophyll content and net photosynthetic
capacity, but increased dark respiration. Although results were consistent for
successive batch subcultures, batch-grown cells are never in physiological
steady state. Thus, we also studied the effects of iron stress on Synechococcus
grown in semicontinuous cultures, to test the hypothesis that quasi-steady
state cells also exhibit physiological symptoms of iron stress. Photosynthesis
and respiration results presented here from these semicontinuous cultures
confirm the batch culture results.
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MATERIALS AND METHODS
ln this study, cultures of Synechococcus A2169 from the equatorial Pacific,
and WH7803 from the Sargasso Sea, were kept on an orbital shaker at
22± 1oC and 50 J.!mol photons m-2 s-Ion a 14: 10 h LD cycle. Batch stock
cultures were maintained in fil O-enriched Gulf Stream seawater. Log phase
cells were transferred to modified Aquil artificial seawater (Morel et al.,
1979) containing 900 nM iron and subcultured (40% v/v) daily for three days.
This was then used to inoculate 200 mL Aquil experimental cultures in 500 mL
polycarbonate flasks. Ali media contained 5 J.!M EDTA. Two iron concentra-
tions, 54 and 900 nM, were used at each of three dilution rates (0.29, 0.43 and
0.69 d- 1 =daily replacement of 25,35 or 50% of the culture volume). Semi-
continuous mode commenced after five days in batch mode and was conti-
nued for 9, 7 and 5 days at the three dilution rates, respectively prior to
measurement of photosynthesis and respiration. Approximately constant cell
densities were confirmed by 750 nm absorbance, which is largely independent
of cellular chlorophyll content.
Photosynthetic light-response (P-I) curves were measured in a computer-
ized oxygen electrode chamber (Hansatech DW3 and CB ID), using a slide
projector as the light source, attenuated with neutral density filters. ChIoro-
phyll content was measured fluorometrically (Yentsch & Menzel, 1963) after
bringing 0.45 mL culture to 4.5 mL with acetone and extracting 24 h at - 20°e.
Absorption spectra of cells collected on a GFIF filter were measured with a
dual beam spectrophotometer (Shimadzu UV-160U; 2 nm bandpass) referenced
to a wetted GFIF filter. Low temperature chlorophyll fluorescence induction
was measured with a custom instrument (Henley et al., 1991) after collecting
cells on a GFIF filter and preillumination with far red Iight (> 700 nm) for
2 min to preferentially excite photosystem 1 and oxidize photosystem II, thus
maximizing variable fluorescence (longer far red periods made no differ-
ence). Further details of culture and measurement procedures are provided in
Henley & Yin (1998) and Yin (1997).
RESULTS AND DL.~CUSSION
Our results with semicontinuous cultures agree with those of batch cul-
tures (Henley & Yin, 1998), demonstrating that Synechococcus may grow at
moderate to high rates in reduced iron concentrations, yet exhibit symptoms
of physiological stress. This finding is consistent with observations of pico-
plankton in the iron-limited equatorial Pacific, showing reduced cell size and
ChI· cell- 1 despite near-maximal growth rates (Binder et al., 1996; Zettler et
al., 1996).
Equilibrium cell densities were not c1early related to dilution rate, but were
higher and more variable among dilution rates at 900 nM (-3-9.5 x 107 cells
mL-I) than at 54 nM iron (-1-2.5 x 107 cells mL-I) for both strains. Cellular
chlorophyll content was unaffected by iron concentration and dilution rate in
Synechococcus WH7803, but was reduced in low iron for A2169. For reasons
that are not apparent, the effect of iron concentration on cell density and chlo-
rophyll was smallest at the intermediate dilution rate of 0.43 d -1. The in vivo
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red absorption maximum of chlorophyll exhibited about a 3 nm blue shift
(678-679 to 675-676 nm) in low iron semicontinuous cultures of A2169, but
the shift was ~ 1 nm in WH7803. A blue shift was also observed in iron-
starved freshwater Anacystis nidulans (Oquist, 1974) and coastal Synecho-
coccus (Wilhelm & Trick, 1995).
Photosynthesis and respiration data are presented in Table 1. Gross photo-
synthetic capacity normalized to chlorophyll (not shown) was unaffected by
iron stress, but ChI cell- I , thus light-saturated gross photosynthetic capacity
per cell (gross Pmcell), was significantly reduced. Dark respiration per cell
(Rlell) increased at low iron concentration, thus net PmceIl decreased dramati-
cally. The only exception to the significant effect (p < 0.05) of iron concentra-
tion was for A2169 at 0.43 d- l, based on Tukey post hoc comparisons. Ali of
these results are very similar to results from batch cultures (Henley & Yin,
1998). We also determined low temperature fluorescence induction for the
intermediate dilution rate only (0.43 d- I ). The ratio of variable to maximum
fluorescence, FJFm, is a measure ofphotosystem II quantum efficiency. FJFm
decreased from 0.30 ± 0.03 at 900 nM iron to 0.20 ± 0.05 at 54 nM iron in
Synechococcus WH7803, and from 0.38 ± 0.02 vs. 0.26 ± 0.03 in A2169. As
noted above, this dilution rate exhibited the smallest iron effect on growth,
chlorophyll, photosynthesis and respiration, thus we would expect a larger
effect on FJFm at the other dilution rates. To our knowledge, this is the first
report of decreased F/Fmunder iron stress in a marine cyanobacterium.
Table 1. Cell-normalized light-saturated photosynthesis CPmcell) and dark respiration
CR/ell), both fmol 02 cell- l h- I , in Synechococcus A21698 and WH7803 grawn
in semicontinuous culture at three dilution rates in Aquil containing 54 or 900 nM iran.
A2169 WH7803
Dilution rate 54 nM Fe 900nM Fe 54nM Fe 900 nM Fe
0.29d- 1 0.63 ± 0.17 1.21 ± 0.06 0.67 ± 0.07 0.98 ± 0.06
grass Pmcell 0.43 d- I 1.46 ± 0.26 1.39 ± 0.32 1.01 ± 0.17 1.22 ± 0.21
0.69 d- l 0.98 ± 0.04 1.51 ± 0.15 0.54 ± 0.16 1.59 ± 0.14
0.29 d- I -0.41 ± 0.09 -0.18 ± 0.09 -0.39 ± 0.03 -0.11 ± 0.01
Rct"ell 0.43 d- i -0.27 ± 0.07 -0.22 ± 0.06 -0.30 ± 0.03 -0.19 ± 0.04
0.69 d- l -0.41 ± 0.10 -0.25 ± 0.08 -0.37 ± 0.09 -0.19 ± 0.02
0.29 d- I 0.23 ± 0.09 1.03 ± 0.14 0.28 ± 0.10 0.86 ±0.06
net PmceIJ 0.43 d- I 1.12±0.19 1.30 ± 0.31 0.71 ± 0.16 1.13 ± 0.07
0.69 d- 1 0.57 ± 0.06 1.26 ± 0.19 0.17 ± 0.08 1.40 ± 0.15
While the agreement between results obtained with iron-stressed batch and
semicontinuous cultures are encouraging, possible contamination with hetero-
trophic bacteria would complicate interpretation of respiration and net photo-
synthesis data. If this is the case, iron availability to Synechococcus could
be affected, and/or an unknown fraction of the observed respiration may be
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attributable to the bacteria rather than Synechococcus. Even in the absence of
bacterial contamination, the respiration measurements were made only within
about 15 minutes of darkening during the photoperiod. The elevated respira-
tion may decrease under prolonged darkness and at night. Ongoing studies
will address these two possible complications. However, the FJFm results,
which are specifie for photosynthetic organisms, conclusively demonstrate
reduced maximum photosynthetic quantum efficiency of Synechococcus
under low iron conditions.
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INTRODUCTION
In two coral reef lagoons of the Tuamotu Archipelago, small phytoplank-
ton cells identified as prokaryotic Synechococcus sp. (Blanchot et al., 1989;
Charpy et al., 1992) dominate larger cells both in terms of biomass and pri-
mary production (Charpy, 1996). The use of a flow cytometer revealed small
populations of Prochlorococcus in the lagoon waters of Takapoto atoll
(Charpy & Blanchot, 1996, 1998). Due to high geomorphological diversity of
atolls the extrapolation of the existing scientific knowledge on two atoll
lagoons to the others seems to be hazardous. Here, we present results of a
flow cytometric survey of picoplankton in Il Tuamotu atoll lagoons and sur-
rounding waters. We first examine the distribution pattern of picoplankton
populations, then we research the relationships between atoll geomorphology
and picoplankton community structure.
DATA
Chlorophyll based dominance of picoplankton groups
A classification by size with cell number, carbon biomass, chlorophyll
biomass and primary productivity was established according to Li's method
(1995). Assuming that red fluorescence is a proxy for chlorophyll a, we
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estimated the picophytoplankton chI a from counts of red fluorescent parti-
des (RF):
i = 3
chI a = ~>i X fi X 'l'i (Eq. 1)
i= 1
where i refers to the 3 recognizable groups (i.e. Prochlorococcus, Synecho-
coccus and picoeukaryotes); n =cell concentration; f =mean red fluorescence
per cell ceIl; 'V = fg chI a per relative unit of red fluorescence. As in November
1995 and March 1996, cytometric measurements were performed on fixed
samples, Equation 1 cannot be used. Indeed, the picoeukaryotes were poody
preserved and as a result their RF were likely affected by the fixation. Assum-
ing that the < 1 !lm fraction consists primarily of prokaryotic cells (Charpy &
Blanchot, 1996), we estimated the chlorophyll in the < 1 !lm fraction using :
i = 2
chI a < 1 !lm ~>i X fi X 'l';
i= 1
where 'V' = fg chi a < 1 !lm per relative unit of RF. The values of 'Vi and 'V' i
were estimated by regression using measured values of chi a, chi a < 1 !lm, ni
and ti.
In Takapoto atoIllagoon, the distribution of picoplankton was heterogene-
ous in the water column, but values of 'Vi varied with depth. The fit of data for
individual layers was extremely good for total chI a (R2 = 97.5 and p < 0.01
in both layers) (Fig. 1).
119 chi a 1-1 % Prochlorococcus % Synechococcus % Picoeukaryotes
0.1 0.3 0.5 0 40 80 0 40 80 0 40 80
0 i i
5
l 10 , /,
.r:: '., //\'.,g. 15 "~ 4/ ~,
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·1 \ .. i
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Figure 1. Example of depth profile of (x--x) measured chi a, (x- - -x) fitted
i=3 i=2
values of L ni x fi x 'V;, (x--x) fitted values of L ni x fi x 'Vi + chi a > 1 !lm,
i =1 ; = 1
(+--+) percentage of red fluorescence, (+ - - - +) percentage contribution to
chi a, (+ - - - - +) percentage contribution to picoplankton carbon and
(+ - - +) percentage contribution to carbon assimilation rate in Takapoto lagoon
(November 1994)
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For the other atolls except Reka-Reka, the fits of chI a < 1 ~m versus
prokaryotic RF were also good (p < 0.01). The contribution of prokaryotic
groups to total chI a were estimated by multiplying their contribution to the
chI a in the < 1 ~m size fraction by the proportion of chI a in < 1 ~m size frac-
tion. The contribution of picoeukaryotes to total chI a was estimated as the
percentage of chI a > 1 ~m.
Carbon based dominance
We estimated picophytoplankton biomass as carbon using cell volumes
and carbon biomass to biovolume ratios taken from the literature (Verity et
al., 1992). We use forward light scatter (FSC) measured in vivo in Takapoto
to estimate the ceIl sizes of the 3 picoplankton groups assuming that they
have a spherical shape and similar refractive indexes. The relation between
FSC and the size of spherical particles in the size range of picophytoplankton
can be written as :
FSCcell ( Diametercell )X
FSCbeads - Diameterbeads
(Morel, 1991). Assuming that, in a given biotope (lagoon, ocean) the expo-
nent (x) has the same value for the 3 picoplankton groups, (x) was estimated
from the average Synechococcus cell diameter (0.8 ~m) measured at Taka-
poto atolllagoon with an optical microscope. We found x = 3.94 in lagoonal
waters and x = 4.34 in the upper 100 m of oceanic waters. The carbon content
of cells was estimated using the volume to carbon conversion factors of Verity
et al. (1992). During our study in Takapoto, picoplankton size and carbon
content peaked at the beginning of the afternoon for prokaryotes and at the
end of the afternoon for eukaryotes. Since aIl other samples were coIlected in
the morning, the C biomass of the three groups were estimated using the aver-
age cellular C contents: 53 fg C ceIl- 1 for Prochlorococcus, 180 fg C cell- I
for Synechococcus and 4970 fg C ceIl- 1 for picoeukaryotes. For surface
ocean waters, we used cellular biomass values calculated for surface ocean
waters surrounding Takapoto: 53 fg C ceIl- 1 for Prochlorococcus, 191 fg cell- 1
for Synechococcus and 2568 fg C cell-! for picoeukaryotes.
Estimating the contribution of the picoplankton groups to primary
production
The contribution of prokaryotic cells to total production can be estimated
as the percentage of carbon assimilation rate attributable to the < 1 ~m size
fraction. The assimilation numbers of the three class size fractions « 1 ~m,
1-3 ~m and> 3 ~m) were similar (Charpy, 1996). Therefore, we assume that
the contributions of Prochlorococcus and Synechococcus to < 1 ~m chI a
reflects their contributions to carbon assimilation rate in the < 1 ~m fraction
and we estimate their contributions to primary production by multiplying
their contribution to chI a < 1 ~m by the proportion of carbon assimilation
rate < 1 /lm. The contribution of picoeukaryotes was estimated as the percen-
tage of carbon assimilation rate> 1 /lm.
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Comparison between different estimations of the picoplankton
group dominance
The dominance of the different picoplankton groups varied with the
method used to estimate their relative importance (Fig. 1). Picoplankton
group dominance estimated by flow-cytometric analysis i.e., percentages of
RF and percentages of picoplankton C (via sizelFSC estimations) are similar
and values estimated by their contribution to chi a were similar to values esti-
mated by their contribution to primary production. Prochlorococcus domi-
nance is strongly underestimated with RF and C contributions whereas it was
the opposite for Synechocoeeus. This is likely due to an underestimation of
Proehloroeoeeus in near surface waters due to a lack of sensitivity of the
FACScan.
Relation between picoplankton biomass and community structure,
and atoll geomorphology
ln spite of the large variations in structure between atolls, sorne general
trends can be noticed (Fig. 2). Prokaryotic plankton generally dominated the
lagoonal phytoplankton community. Sorne exceptions were encountered at
Taiaro and Tekokota atolls. In most cases, dominant group was Syneehoeoe-
eus but, when the lagoons are deep (~ 30m) growth of Proehloroeoeeus
appears to be promoted. It is particularly noticeable in the Kauehi (45 m) and
Marokau (30 m) lagoons. The high salinity of the lagoon of Taiaro (> 40 PSU)
could explain the large dominance of picoeukaryotes observed. However,
biotic factors such as grazing also affect the picoplankton biomass and com-
munity structure. There are a variety of macro-invertebrates that feed on
ultra-plankton (Jorgensen et al., 1984; Vacelet & Boury-Esnault, 1995). In the
coral reef lagoons the sponges have been reported to be a significant sink for
plankton (Reiswig, 1971). Indeed, in coral reef water sponges significantly
decreased concentrations of Proehloroeoeeus and Syneehoeoeeus while
increasing concentrations of autotrophic picoeukaryotes (Pile, 1997). The
occurrence of sponges and other benthic filter feeders depends of the pres-
ence of hard substrate like patch reefs or fringing reefs. At the end, human
activity could have an impact on the community structure, especially in the
atoll of Takapoto where intensive sea farming of Pinetada margaritifera
affect the phytoplankton biomass (Vacelet et al., 1996; Charpy et al., 1997).
Comparison between lagoon and open ocean waters
With the exception of Tekokota atoll, volume specifie picoplankton bio-
mass was 2 to JO times higher in atolliagoons than in surrounding ocean sur-
face waters. Syneehoeoeeus biomass dominates the picoplankton community
structure in atoll lagoons and Proehloroeoeeus in ocean waters. This domi-
nance of Proehloroeoceus is a common feature in subtropical areas and trop-
ical areas in the Pacifie Ocean (Campbell et al., 1997; Blanchot & Rodier,
1996). This switch in dominance from Proehloroeoeeus to Syneehoeoeeus in
lagoons may be due to 3 factors: 1) a photoinhibition of Proehloroeoeeus in
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Figure 2. Contlibution of ProchLorococcus, Synechococcus and picoeukaryotes to
picoplankton biomass in 10 atoll lagoons and in surrounding oceanic waters.
shallow lagoons; 2) difference in nutrient (micronutrient) availability; 3) dif-
ference in selective grazing. Differences in nutrient concentrations between
lagoon and ocean were observed in Tuamotu Archipelago. Indeed, in Taka-
poto and Tikehau, phosphate and silicate concentrations were lower in the
lagoons than in the surrounding ocean water (Charpy-Roubaud et al., 1990;
Charpy, 1996). It was argued at that time that grazing by benthic macroinver-
tebrates, organisms which are absent in ocean waters, cou Id significantly
affect the picoplankton abundance and community structure. In addition, fre-
quent b100ms of different groups of zooplankton in lagoon can generate
quantitative and qualitative differences in the control of phytoplankton.
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Another hypothesis to explain the differences between oceanic and lagoonal
picoplankton community structure is viral infection. Indeed, Blanchot & Rodier
(1996) consider that viral infection could be responsible for the control of the
abundance of prokaryotic phytoplankton and coastal waters are more suitable
than ocean waters for cyanophage infection and growth.
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ABSTRACT
Abundances and distributions of Synechococcus and Prochlorococcus in
shelf waters of the Great Barrier Reef (GBR) were studied on three cruises to
a central GBR region (17°S; 4/94,4/96 and 11/95) and two cruises to a south-
em GBR region (20oS; 2/96 and 4/97). For comparative purposes, two deep-
water sites (depth > 100 m) were sampled in the Coral Seajust seaward of the
shelf break. Synechococcus dominated standing stocks of photosynthetic
prokaryotic picoplankton at most inshore and mid-shelf sites in the central
GBR, and aIl sites in the southem GBR. In the central GBR, significant
Prochlorococcus populations were confined to mid- and outer-shelf sites with
weakly-mixed or stratified water columns of greater oceanic character. In
central GBR shelf waters, relative abundances of Synechococcus and
Prochlorococcus were significantly correlated (p < 0.001) with proxies of ter-
restrial influence and trophic status: salinity (r2 =(-) 0.64, n =81), chloro-
phyIl a (r2 =0.48, n =69) and DIN (r2 = 0.47, n = 81). Comparatively high
SYN:PRO ratios were recorded at aIl southem GBR sites, including sites up
to 180 km from the nearest coast. This was mostly due to reduced Prochloro-
coccus abundances. During the second cruise to the southem GBR (4/97),
which followed shortly after a cyclone, depth-weighted mean SYN:PRO
ratios at outer shelf sites (ca. 30) were more than three-fold greater than those
measured during the tirst (2/96) cruise « 10) under non-perturbed conditions.
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Again, high SYN:PRO ratios were due particularly to reduced or low
Prochlorococcus abundances. Photoinhibition of Prochlorococcus growth
rates and lower absolute growth rates of Prochlorococcus (compared to Syne-
chococcus) in environments with greater microzooplankton grazing pressure
are suggested to significantly contribute to low Prochlorococcus standing
stocks.
INTRODUCTION
To date, studies examining joint distribution of Synechococcus and
Prochlorococcus have largely focused on highly oligotrophic oceanic regions
characterized by stratified water columns where mixed-Iayer dissolved inor-
ganic nutrient concentrations, and phytoplankton biomass and productivity
vary little over large horizontal distances (e.g. Landry et al., 1996).
Here we report on the abundance and distribution of these two genera in
the shelf waters of the Great Barrier Reef (GBR), an oligotrophic tropical
shelf environment with a diversity of nutrient sources, mixing regimes and
cross-shelf and latitudinal variations in dissolved inorganic nutrient concen-
trations, phytoplankton biomass and productivity (Fumas & Mitchell, 1997).
We examined whether the abundance and distribution of these important
picoplankton genera showed any cross-shelf and latitudinal variability, and
whether such variability, if it exists, might be correlated with proxies of ter-
restrial influence and trophic status, such as salinity, chlorophyll a, and dis-
solved inorganic nitrogen (DIN). Where Synechococcus and Prochlorococcus
abundances have been compared in environments spanning a range of DIN
concentrations, it has been found that Synechococcus populations are stimu-
1ated, or at least persist, under relatively high DIN concentrations, while sig-
nificant Prochlorococcus populations have been generally confined to
oceanic sites with very low DIN concentrations (Blanchot & Charpy, 1997;
Blanchot & Rodier, 1996; Charpy & Blanchot, 1988; Partensky et al.. 1996).
We wished to establish if a similar pattern existed in GBR shelf waters.
THE STUDY AREA
Water samples were taken in two contrasting regions of the GBR. CTD
profile data and water sampies (Niskin bottle casts) were collected during
three cruises to a central GBR region (\7°S; 4/94, 4/96 and 11/95) and two
cruises to a southern GBR region (20oS; 2/96 and 4/97) (Fig. 1).
Sampling in central GBR shelf waters occurred under low DIN concentra-
tions (mixed-Iayer concentrations of 0.01 - 0.50 !lM, median =0.04 !lM) and
included inshore (generally well-mixed), mid-shelf (mixed or weakly strati-
fied) and "oceanic" sites near the shelf break. For comparative purposes, two
deep-water sites (water column depth > 100 m) were sampled in the Coral
Sea just seaward of the shelf break. Each deep-water site was strongly strati-
fied and had a well defined deep-chlorophyll maximum.
Sampling sites in the southern GBR region were aU characterized by weU-
mixed water columns. DIN concentrations were also low (0.02 - 0.17 !lM,
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Figure 1. Sampling locations in the central (A) and southern (B) GBR shelf regions.
Water-column depths (m) are shown for selected shelf locations.
median = 0.03 J.lM) during the first southern GBR cruise, but were elevated
(1.60 - 4.05 J.lM, median =2.13 ~IM) at a11 sampling locations across the shelf
during the second cruise due to strong vertical mixing caused by a tropical
cyclone SOrne four days prior to the cruise.
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METHons
Flow cytometry
Duplicate or triplicate 3 ml samples taken from Niskin bottles were fixed
with gluteraldehyde for 10 min. (0.1 % final conc.), and stored in liquid nitro-
gen (Vaulot et al., 1989) for periods of generally less than four weeks. Sam-
pies were thawed in a water bath at 37°C just prior to cytometric analysis,
then run immediately on a Becton Dickinson FACScan flow cytometer.
Procedures for flow cytometry generally followed OIson et al. (1993).
Instrument settings appropriate for the analysis of picoplankton populations
in natural samples were chosen by running GBR-derived cultures of Syne-
chococcus and Prochlorococcus. Surface oceanic water filtered through
0.2 Ilm polycarbonate filters was used as sheath fluid. Sheath fluid quality
was checked routinely by running blanks through the FACScan in the same
manner as picoplankton samples. Picoplankton abundances were calculated
by reference to known additions of calibration grade, 0.92 Ilm, fluorescent
beads (Fluoresbrite™, Polysciences). Before and after running each sample
set, flow rate was determined using a known concentration of beads (working
stock bead concentration determined by the gravimetric method (OIson et al.,
1993). Samples were run on the flow cytometer until 20,000 events were
recorded (typically, 100 - 150 III of sample were analyzed). The resulting HP
data files were converted to DOS format with HP-READER (Verity Software
House). WinMDI (Ioe Trotter) flow cytometric analysis software was subse-
quently used to gate picoplankton populations.
Cell groups (Synechococcus and Prochlorococcus) were defined by
boolean combinations of regions drawn in different bivariate dotplots, mainly
red fluorescence vs. side scatter, red fluorescence vs. forward light scatter,
and orange fluorescence vs. side scatter (i.e. "gated" populations as described
by OIson et al., 1993). Synechococcus were distinguished by high phyco-
erythrin (orange) fluorescence, and Prochlorococcus by their low FLS and
chlorophyIl (red) fluorescence. Where necessary, gating of picoplankton pop-
ulations was tailored to account for presumed photoacclimative changes to
flow cytometric signatures. As configured, the FACScan was incapable of
resolving the entire Prochlorococcus population in many near-surface sam-
pIes. Total Prochlorococcus abundances were estimated to be twice the
number of counts in the right half of the red fluorescence distributions
(defined by marker regions). The marker method assumes that the Prochloro-
coccus red fluorescence distribution has a normal or gaussian shape (i.e. is
not skewed). This was checked by fitting a gaussian function to the red fluo-
rescence distribution of gated Prochlorococcus populations, where the gaus-
sian function was of the general form
[-a·sC ~x''YJ
y = ae
In surface samples « 1 m depth), "observed" (gated populations) and
"predicted" (from curve area of the gaussian function fitted to gated Prochlo-
rococcus populations) Prochlorococcus abundances agreed to 7.8 ± 4.5%
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(mean ± 1 standard deviation, n =5), and to < 5% (n = 14) and < 2% (n = 12)
for non-surface samples and bright Prochlorococcus populations, respec-
tively.
Other measurements
A range of standard biological oceanographic measurements: percent sur-
face irradiance, salinity, chlorophyll a and DIN (NH: + NO;: + N03), were
obtained by analysis of discrete samples (Parsons et al., 1984; Treguer & Le
Corre, 1975), or by extracting the required information from CTD data files.
RESULTS
Mean depth-weighted average salinities, water temperatures, concentra-
tions of DIN and chlorophyll a, and abundances of Synechococcus and
Prochlorococcus, and mean integrated abundances of Synechococcus and
Prochlorococcus are given in Table 1.
Synechococcus « 0.01 - 4.88 x 105 cells ml- 1) dominated standing stocks
of photosynthetic prokaryotic picoplankton at most inshore and mid-shelf
sites in the central GBR, and all sites in the southern GBR. In the central
GBR, significant Prochlorococcus populations (maximum = 4.04 X 105 cells
ml- J ) were confined to mid- and outer-shelf sites with weakly-mixed or stra-
tified water columns of greater oceanic character (Fig. 2). Seaward of the
shelf break, high Prochlorococcus abundances were recorded throughout the
surface mixed layer and nitracline, where "bright" and "dim" populations
were observed. Synechococcus abundances below the mixed layer were
greatly reduced.
In central GBR shelf waters, where there was an observable cross-shelf
gradient of water types, relative abundances of Synechococcus and Prochlo-
rococcus (expressed as SYN:PRO ratios at each individual mixed-layer sam-
pling depth; median =2.81, n =90) were significantly correlated (p < 0.001)
with proxies of terrestrial influence and trophic status: salinity (r2 = (-) 0.64,
n =81), chlorophyll a (r2 =0.48, n =69) and DIN (r2 =0.47, n =81).
Comparatively high SYN:PRO ratios were recorded at all southern GBR
sites (median = 19.14, n =43), including sites up to 180 km from the nearest
coast (shelf waters in the vicinity of Pompey Reefs). This was mostly due to
reduced Prochlorococcus abundances (maximum = 0.28 x 105 cells ml- J).
During the second cruise to the southern GBR (4/97), which followed shortly
after a cyclone, depth-weighted mean SYN:PRO ratios at outer-shelf sites in
the vicinity of Pompey Reefs (ca. 30) were more than three-fold greater than
those measured during the first (2/96) cruise « 10) under normal non-per-
turbed conditions. Once again, high SYN:PRO ratios were due to reduced or
low Prochlorococcus abundances (mean depth-weighted average abundances
of 0.10 and 0.03 x 105 cells ml- 1 for first and second southern GBR cruises,
respectively; n = 4 sites per cruise).
Bulletin de {'Institut océanographique. Monaco, nO spécial 19 (1999) 381
PRODUCTIVlTY
6
0
central GSR southemGBR
4
•.c-
o
..-
~ • 1
:... 1
E 1
*III •
0 1
~2 0 • 8 1u 1 ~•
aJ8 i 10 0 lj 1~ l80 , ~ ~ ~
<20m 120 -40 m >40 m <20 m 20·40 m > 40m
shelf depth
Figure 2. Synechococcus (open boxes) and Prochlorococcus (hatched boxes) abun-
dances in shelf waters of the central and southern GBR regions (data from ail
cruises), grouped according to shelf water-column depths of < 20, 20-40, and > 40 m
(for the central GBR region, these depth bands correspond approximately to inshore,
mid-shelf and outer-shelf locations, respectively). Box plots were constructed from
mean picoplankton abundances at each individual mixed layer sampling depth.
o and 6. are median values for Synechococcus and Prochlorococcus respectively;
upper box and lower box values are 25th and 75th percentiles; lower and upper
whiskers are non-outlier minimum and non-outlier maximum values; 0 are outlier
values (data point> upper box value + 1.5 x (upper box value -Iower box value)),
.. are extreme values (data point> upper box value + 3 x (upper box value - lower
box value).
DISCUSSION
Mean integrated Synechococcus and mean integrated Prochlorococcus
abundances (Table I) in central GBR water columns of 20 - 40 m depth were
of similar magnitude, or up to ca. 2.5 fold (Synechococcus) and ca. 9 fold
(Prochlorococcus) greater than recorded (Blanchot & Charpy, 1997) in French
Polynesian lagoonal water columns of comparable depth (Takapoto and Great
Astrolabe lagoons; depths of 25 and 35 m, respectively).
In southern GBR water columns of 20 - 40 m depth, mean integrated Syn-
echococcus abundances were of similar magnitude, or ca. 2 fold greater than
the integrated Synechococcus abundance recorded for Takapoto and Great
Astrolable lagoons. Mean integrated Prochlorococcus abundances were ca. 2
(Feb. 96 GBR cruise) and ca. 8 fold lower (April 97 GBR cmise), than the
integrated Prochlorococcus values recorded for Takapoto and Great Astrola-
ble lagoons.
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Table 1. Mean depth-weighted average salinities, water temperatures. concentrations of NH;t, NO, and ChI a, and abundances
of SYllechococcus and Prochlorococcus, and mean integrated abundances of Synechococcus and Prochlorococcus.
Shelf Watertem- NHt -, NO, Chloro- DWA SYN 1 DWA PRO Int. SYN 1 INT. PROShelf region, depth n Salinity perature phyll a
cruise date %0 oC IlM Ilg L-I X 105 cells mL -1 x lOlo cells m-2m
<20 9 34.3 (± '10.4) 26.6 (± 0.2) 0.14 (± 0.10) 0.02 (0.00) 0.78 (± 0.29) 2.97 (± 1.35) 0.18 (± 0.09) 300(± 161) 19 (± 14)
Central GBR- 20-40 2 34.8 (± 0.2) 26.7 (± 0.2) 0.15 (±0.07) 0.01(± 0.00) 0.44 (± 0.05) 2.43 (± 0.61) 0.37 (± 0.22) 588 (± 369) 82 (± 63)April 94
>40 1 34.9 27.1 0.10 0.01 0.27 0.11 0.57 24 15J
< 20 5 35.4 (± 0.4) 27.4 (± 0.4) 0.02 (± 0.01) 0.01(± 0.00) 0.43 (± 0.18) 1.55 (± 0.71) 1.08 (± 0.65) 142 (± 93) 124(± 106)
Central GBR 20-40 5 35.2 (± 0.1) 26.9 (± 0.3) 0.02 (± 0.01) 0.01 (± 0.01) 0.30 (± 0.37) 1.75 (± 3.71) 1.30 (± 1.05) 362 (± 382) 302(± 124)Nov. 95
>40 3 35.1 (± 0.0) 26.7 (± 0.2) 0.02 (± 0.01) 0.01 (± 0.00) 0.13 (± 0.06) 0.57 (± 0.34) 0.86 (± 0.77) 237 (± 117) 341 (± 329)
< 20 5 35.1 (± 0.2) 26.3 (± 0.1) 0.04 (± 0.07) 0.02 (± 0.0 1) 0.39 (± 0.25) 2.53 (± 2.25) 0.20 (± 0.17) 211 (± 127) 37(±41)
Central GBR 20-40 2 35.0 (± 0.2) 27.1 (± 0.1) 0.01 (± 0.01) 0.01 0.33 (± 0.27) 1.18 (± 0.48) 0.54 (± 0.29) 488 46April 96
>40 - - - - - - - -
<20 1 34.6 27.2 0.02 0.01 1.94 0.61 0.01 43 0.5
Southern GBR
Feb. 96 20-40 3 35.1 (± 0.0) 27.1 (±O.I) 0.04 (± 0.05) 0.01(± 0.00) 0.65 (± 0.23) 1.74 (± 0.33) 0.\0 (± 0.06) 480 (± 165) 29 (± 21)
"non-perturbed"
>40 4 35.1 (± Dm 26.3 (± 0.1) 0.02 (± 0.01) 0.02 (± 0.01) 0.88 (± 0.35) 0.74 (± 0.41) 0.11 (± 0.09) 371 (± 140) 58 (± 48)
< 20 - - - - - - - -
Southern GBR
April 97 20-40 3 35.3 (± 0.1) 26.1 (± 0.3) 1.90 (± 0.28) 0.43 (± 0.32) 5.19 (± 5.98) 0.70 (± 0.55) 0.02 (± 0.01) 210(±85) 8 (± 5)
"post-cyclone"
>40 3 35.1 (± 0.1) 26.4 (± 0.0) 1.69 (± 0.22) 0.33 (± 0.25) 3.63 (± 3.06) 0.83 (± 0.56) 0.03 (± 0.01) 381 (± 22) 13 (± l)
n =: number of sampling sites. t =: 1 standard deviation. NO, =: NO; + NO;. DWA SYN and DWA PRO =: mean depth-weighted average Syneehoeoe-
eus abundance and mean depth-weighted average Prochlorocoeeus abundance, respectively. Int. SYN and Int. PRO =: mean integrated Syneehoeoeeus
abundance and mean integrated Proehloroeoeeus abundance, respectively.
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PRODUCTIVITY
The SYN:PRO ratio in GBR shelf waters varied considerably (from < 1 to
ca. 40) over small ranges of salinity, temperature and DIN. Low SYN:PRO
ratios in GBR shelf waters were recorded at (mostly outer-shelf) sites of
greater "oceanic" character where both Prochlorococc/lS and Synechococc/lS
appear capable of high relative growth rates under ambient light levels and
low DIN concentrations « 0.01 !lM) (Fumas & Crosbie, 1999). At deep-
water sites seaward of the central GBR shelf break, higher growth rates of
Prochlorococc/lS populations under very low light levels « 1 percent surface
irradiance) may, in part, explain the predominance of Prochlorococc/lS in the
lower part of the euphotic zone (Fumas & Crosbie, 1997).
High SYN:PRO ratios were recorded at well-mixed (mostly inshore) sites
in the central and southem GBR, where the range of underwater irradiances
appears to cause photoinhibition of growth rates of Prochlorococc/lS but not
Synechococc/lS (Fumas & Crosbie, 1999). Studies in the Gulf of Eilat (Lin-
dell & Post, 1995) and at sites in the coastal northwestem Mediterranean Sea
(Bustillos-Guzman et al., 1995) clearly show that Prochlorococc/lS abun-
dances are reduced by strong and deep mixing. Mean per cell red and orange
fluorescence values (data not shown) for Synechococc/lS and Prochlorococ-
CIlS populations suggest that vertical mixing rates were sufficiently low to
allow Synechococc/lS and Prochlorococc/lS populations to photoadapt at
depth at inshore, mid-shelf and outer-shelf locations in the central GBR
region, but too great for this to be observed at sites in the southem GBR
region. The strength (rate) and extent (depth) of vertical mixing would affect
the susceptibility of Prochlorococc/lS to photoinhibition (Long et al., 1994).
In addition to the potential for high light levels to contribute to low stand-
ing stocks of Prochlorococc/lS at shallow sites, lower maximum growth rates
(Fumas & Crosbie, 1999) may put Prochlorococc/lS at a competitive disad-
vantage in such habitats which, due in part to increased nutrient supply, sup-
port both a higher phytoplankton and bacterial standing crop and an enhanced
population of microzooplankton grazers. If nutrient supply is important in
determining the relative abundances of Synechococc/lS and Prochlorococc/lS,
then high SYN:PRO ratios under non-perturbed conditions imply a signifi-
cant non-terrestrial source of DIN to shelf-edge habitats of the southem GBR
even though ambient DIN concentrations are low. More rigorous interpreta-
tions of SYN:PRO ratios, however, will require a better understanding of the
relative importance of growth and loss factors in controlling the distribution
of these important photosynthetic prokaryotic picoplankton.
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ABSTRACT
The small pelagie prokaryotes, Synechococcus and Prochlorococcus, are the
dominant primary producers in much of the world ocean. CUITent approaches to
estimating in situ growth rates of these genera are briefly reviewed. The existing
data on growth rates of Synechococcus and Prochlorococcus in situ and in cul-
ture are summarized to establish envelopes of growth rate relative to depth, per-
cent surface irradiance, temperature and ammonium-nitrogen concentration.
Growth dynamics of both genera are strongly influenced by coupling between
ceIl division processes and the diellight-dark cycle. Maximum in situ growth
rates of Synechococcus and Prochlorococcus are most likely 2.1 day- 1 (3 dou-
blings day-l) and 1.4 day-I (2 doublings day-l), respectively, though in situ
growth rates are usually 0.7 day-l Cl doubling day-I). Population dynamics of
both genera are strongly damped by grazing pressure, chiefly by heterotrophic
flageIlates and ciliates. Optimum growth of Synechococcus populations occurs
in the upper few lO's of metres in the water column. In contrast, high relative
growth rates of Prochlorococcus occur over a broader (ca. 100 m) subsurface
band, with slight light inhibition at the surface. Optimal temperatures for
growth of both genera lie between 20° and 30°C. Both Synechococcus and
Prochlorococcus exhibit high relative growth rates in situ at NH4 concentra-
tions on the order of 1-10 nmol L-1. Genetic, compositional and physiological
differences between strains of Synechococcus and Prochlorococcus indicate
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that sub-populations of each are adapted to the seasonal and vertical range of
conditions occurring in tropical and sub-tropical oceans.
INTRODUCTION
Very small « 2 /lm) photoautotrophic prokaryotes, currently assigned to
the genera Synechococcus (Waterbury et al., 1986) and Prochlorococcus
(Chisholm et al., 1992), are the most abundant primary producers in tropical
and subtropical ocean waters (Partensky et al, this volume). Despite their
very large contribution to global productivity, the importance of these generic
groups has been explicitly recognized for less than two decades (Johnson &
Sieburth, 1979; Waterbury et al., 1979; Chisholm et al., 1988), though cIues
to their existence have been around for a longer period (e.g. Jeffrey 1976;
Lorenzen 1981; Parker 1981).
Here, we consider the in situ growth dynamics of Synechococcus and Pro-
chlorococcus. We will not cover details of genomic replication and diel cellular
division processes as they are weIl documented elsewhere (Armbrust et al.,
1989; Binder & Chisholm, 1995). Rather, we discuss issues and techniques
relevant to measuring in situ growth rates of Synechococcus and Prochloro-
coccus and examine relationships between growth rates of natural popula-
tions of Synechococcus and Prochlorococcus and major environmental
variables (light, temperature and nutrients), both in situ and in culture.
Knowledge about environmental and ecological controls on growth rates of
Synechococcus and Prochlorococcus is ultimately central to developing a
robust and quantitative understanding of pelagic food webs in which pico-
plankton cells are a major currency of particulate organic production, nutrient
utilisation and trophic transfer.
The "discoveries" of both Synechococcus and Prochlorococcus and the
elucidation of their importance in pelagic food webs are largely related to the
application of new optical technologies: epifluorescence microscopy in the
case of Synechococcus, flow cytometry for Prochlorococcus. These techno-
logies will remain central to aIl efforts to study population dynamics and
growth rates of these genera. In the future, the molecular tools of genetics
(e.g. Toledo & Palenik, 1997; Moore et al., 1998) and immunology (e.g.
Campbell et al., 1983) will also be essential in teasing apart the composition
and dynamics of natural Synechococcus and Prochlorococcus populations.
In making measurements of picoplankton growth rates in situ or interpret-
ing the results of experiments with natural populations, several key issues
need to be born in mind. These are:
THE TAXONOMY PROBLEM
The extremely small size of both Synechococcus and Prochlorococcus
(~ 1 /lm), their lack of easily visualised external features and relatively simple
internaI structure complicates taxonomic and ecological studies on these two
"genera". In most cases, picoplankton-sized photoautotrophic prokaryotes in
natural phytoplankton assemblages are functionally assigned to two genera:
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small prokaryotic uni-cells with phycourobilin (PUB) and phycoerythrobilin
(PE) pigments are considered to be Synechococcus; very small prokaryotic
cells with di-vinyl chlorophylls a and bx, largely, but not completely lacking
phycoerythrin are classified as Prochlorococcus. A variety of genetic (Water-
bury et al., 1986; Toledo & Palenik, 1997 and references therein; Moore et al.,
1998), compositional (OIson et al., 1988, 1990; Campbell & Vaulot, 1993),
immunological (e.g. Campbell et al., 1983; Campbell & Carpenter, 1987;
Campbell & Iturriaga, 1988), cytological (e.g. Binder & Chisholm, 1995) and
physiological (Glibert & Ray, 1990; Partensky et al., 1993; Moore, 1997;
Moore et al., 1995) evidence clearly shows that multiple strains, if not species
or genera of prokaryotic picoplankters exist in different regional and ecologi-
cal settings, or may coexist within one water body. Individual strains or groups
of strains discernible by characteristic pigment suites, photoadaptive responses
or genomic replication dynamics will almost certainly differ in their growth
responses over natural ranges of ecological conditions (Wood et al., 1995). To
date, these differences have largely been submerged in the noise associated
with the whole-assemblage approaches that characterise virtually aIl reported
in situ growth measurements (but see Reckermann & Veldhuis, 1997). The
(cuITent) difficulty in conveniently disceming appropriate genetic or physio-
logical groups in natural populations remains a major baITier to understanding
Synechococcus and Prochlorococcus dynamics. Unfortunately, in the absence
of definitive and convenient methods of working at the sub-generic level, these
aggregate generic categories will likely remain for sorne time.
THE SIZE FRACTIONATION PROBLEM
In aIl habitats where they co-exist, cell size ranges of Synechococcus and
Prochlorococcus populations overlap. To complicate the situation, a variety
of very small eukaryotes (Johnson & Sieburth, 1982; Thomsen, 1986; Simon
et al., 1994) have cell size ranges which overlap with Synechococcus and
Prochlorococcus. While it is relatively easy to size fractionate phytoplankton
communities to obtain assemblages which are overwhelmingly dominated by
both Synechococcus and Prochlorococcus, it is considerably more difficult
(Li, 1990; Rivkin et al., 1986) to obtain significant volumes of unshocked
unialgal assemblages of Synechococcus or Prochlorococcus for experimental
purposes which are naturally acclimated to the broad range of ecological con-
ditions occuITing at any one location. Estimates of species productivity (e.g.
ItuITiaga & Mitchell, 1986; Waterbury et al., 1986) or growth rates (e.g. Itur-
riaga & Mitchell, 1986; Waterbury et al., 1986; Glover et al., 1986) based
upon primary productivity or rate measurements in uncharacterised or incom-
pletely characterized size fractions must be regarded with caution. This is
particularly the case for early field studies of Synechococcus, before the exist-
ence and importance of Prochlorococcus was fully appreciated.
THE GRAZING PROBLEM
Small microflagellates and ciliates are the principal grazers of Synechococ-
cus and Prochlorococcus (Johnson et al., 1982; Caron et al., 1991; Burkill et al.,
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1993; Landry et al., 1995a,b; Verity et al., 1996). With the possible exception of
net-building filter feeders (e.g. Noji et al., 1997), planktonic metazoans appear
unable to directly feed upon cells in the picoplankton size fraction in any signif-
icant way (Johnson & Sieburth, 1982). However, many of these metazoans can
feed upon the flagellate and ciliate consumers of picoplankton (Nakamura &
Turner, 1997). While generally larger than their prey, the very smallest grazers
or predators can also fall into the picoplankton size fraction (e.g. Fuhrman &
McManus, 1984; Li, 1990). Many small flagellates have non-rigid cell walls
and are able, to varying extent, to squeeze through the filters and screens used ta
size fractionate natural populations. As a result, ail raw or size-fractionated
picoplankton assemblages derived from natural populations contain grazers.
Where growth estimates are based solely upon temporal changes in cell num-
bers or community biomass indices such as chlorophyll a, a correction for graz-
ing mortality should ideally be applied or at least its absence acknowledged.
Under optimal conditions, the intrinsic growth rates of many flagellate
grazers of Synechococcus and Prochlorococcus can be significantly higher than
growth rates of their prey (Sherr et al., 1983; Sherr & Shen, 1983; Caron et al.,
1991). As a result, size fractionation, dilution or inhibitor treatments used to
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Figure 1. In situ growth rates of Synechococcus (Top) and Prochlorococcus
(Bottom) in relation to depth. The dashed line indicates one population doubling per
day. Open symbols identify growth rates of cells in 0.2 ~m filtrate from Li (1990).
Growth rates off scale are identified by tex!.
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reduce grazing impacts in experimental populations may produce the desired
change in food web structure for only a limited time before "natural" micro-
bial grazing controls are re-established. The duration of such perturbed states,
when growth and grazing are largely uneoupied, remains unresolved. Provoc-
atively, Li (1990) reported high growth rates in populations of both Synecho-
coccus and Prochlorococcus remnant in 0.2 Ilm filtrates (Fig. 1) suggesting
that very small f1agellates may exert a significant proportion of total grazing
pressure. These high growth rates, however, have not been widely observed.
THE VIRUS PROBLEM
A number of viruses are known to infect Synechococcus (e.g. Suttle &
Chan, 1993). By implication, Prochlorococcus should be equally susceptible.
Pelagie viruses are widely distributed in coastal and oceanic waters, but little
is known about their abundance, virulence and population dynamics. Indeed,
the infectivity and virulence of cyanobacterial viral pathogens has been ques-
tioned (Waterbury & Valois, 1993). Because of their small size and life his-
tory, virus particles cannot be separated from picoplankton assemblages by
size fractionation or washing, nor have benign and specifie viral inhibitors
been identified. All in situ growth rates estimated to date which are based
upon picoplankton cell enumeration or biomass measures must be assumed to
include sorne viral mortality. Whether viral infections significantly influence
growth estimates based upon cell cycle indices or pigment synthesis rates
remains an open question.
MEASURING IN SITU GROWTH RATES
OF PROKARYOTIC PICOPLANKTERS
In situ growth rates of Synechococcus and Prochlorococcus assemblages
in natural populations can be estimated by variations of the approaches used
to estimate in situ growth rates of larger phytoplankton (Fumas, 1990). These
variant approaches exploit the unique size, pigment and fluorescence charac-
teristics of Synechococcus and Prochlorococcus ceIls, their distinctive cellu-
lar or genomic replication dynamics and in particular, their tendency to have
cell division processes strongly entrained to the day-night cycle.
As noted above, much of the uncertainty in interpreting picoplankton
growth rate estimates revolves around the magnitude of concurrent nano- and
microplankton grazing and other types of mortality. This uncertainty does not
automatically imply that approaches to measuring growth which do not pro-
duce concurrent estimates of grazing pressure are fully without merit as
approaches to measuring grazing may not be applicable in particulate situa-
tions and the grazing estimates have specifie limitations of their own.
Population enumeration methods
The most direct way of estimating growth and mortality rates of Synecho-
coccus and Prochlorococcus involves counting cell numbers at frequent inter-
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vals over one or more diel intervals. This approach was first taken with
Synechococcus which can be visualised by epifluorescence microscopy
(Waterbury et al., 1986), but flow cytometry makes this approach applicable
to Prochlorococcus as weil. The direct counting approach is based upon the
observation that cell division in Synechococcus and Prochlorococcus popula-
tions largely ceases at night. Net changes in cell numbers during the day and
early evening reflect concurrent growth (Il or k) and grazing mortality (g or
m) while changes in cell numbers over the night (invariably a decline) are
solely due to grazing mortality. Growth rate is calculated by adding the night-
time mortality rate to the net daytime growth rate. This simplistic approach is
based upon a number of assumptions.
The first assumption is that a single, homogenous population is being sam-
pied and that changes in cell numbers due to physical processes such as
advection or sinking are small relative to changes due to growth and mortal-
ity. This assumption is clearly met when the sampled populations are
enclosed in containers, but spatial homogeneity should be verified when time
series sampling is carried out in open systems (e.g. the ocean mixed layer or
a coastal bay). Counting approaches can still be applicable in certain systems
(e.g. the open ocean thermocline) where lateral variability is small and verti-
cal dispersion rates can be reliably quantified by independent methods (Lande
et al., 1989). The second assumption is that density-dependent grazing pres-
sure is relatively constant over the diel range of cell densities. This may not
be the case, but is difficult to quantify. A third assumption is that grazing
activity does not vary significantly over the diel cycle, making the ovemight
decline in cell numbers a reliable estimator oftime-averaged daytime grazing
mortality. The assumption of constant grazing is intuitively attractive, but is
probably not strictly true and difficult to verify independently. When experi-
ments are carried out in bottles, removal of predators on grazers, mortality of
grazers due to bottle effects and other experimental artefacts will have an
increasing effect on growth rates with time.
The accuracy of time-series counting growth estimates strongly depends
upon the accuracy of both population counts and the timing of diel abundance
maxima and minima. Growth measurements in tropical, sub-tropical and tem-
perate coastal waters (Waterbury et al., 1986; Fumas, 1991; Sherry, 1995;
Shalapyonok et al., 1997) clearly show that light-saturated Synechococcus
and Prochlorococcus sub-populations can divide more than once per day,
though this may not often be achieved by the entire population. In Prochloro-
coccus assemblages dividing more than once per day, two cell division events
uncoupled from increases in population biomass appear to occur within a rel-
atively short interval (Shalapyonok et al., 1997). Estimates of Synechococcus
growth rates based on cell cycle analysis are confounded by the tendency for
sorne strains to asynchronously initiate genome replication and retain multi-
ple chromosome copies within individual cells (Binder & Chisholm, 1995).
High diurnal growth rates of Synechococcus (to 4 day- 1) have been reported
(e.g. Waterbury et al., 1986; Li, 1990; Ayukai, 1992; Sherry, 1995). These
high rates reflect changes in cell numbers over short time intervals and need
to be differentiated from diel (24 hour) growth rates.
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Incubation methods (boUles and diffusion cultures)
Experimental populations of picoplankters can be manipulated by enclos-
ing them in carboys (e.g. Fitzwater et al., 1996), bottles (e.g. Landry et al.,
1995a,b) or diffusion chambers (Landry et al., 1984; Fumas, 1991). Although
containment eliminates dispersive losses, absolute containment disrupts natural
nutrient cycling regimes and trophic relationships. Wall-associated conta-
mination can effect both the picoplankters (Fitzwater et al., 1982) and their
grazers. As a consequence, bottle incubations are generally only appropriate
for experiments of short (ca. 24 hr) duration (Harris et al., 1989). Diffusion
chambers, whether incubated in situ (Landry et al., 1984; Fumas, 1991) or
under simulated in situ conditions, main tain experimental populations under
more natural nutrient conditions and prevent accumulation of toxic contami-
nants. Physical wall effects, however, do remain. In designing diffusion cul-
ture experiments, careful consideration needs to be given to water exchange
rates and membrane pore size. Commercially available polycarbonate mem-
branes (e.g. Nuclepore®, Poretics®) are inert and available in a wide range of
pore-sizes. For pore sizes ~ 1 ~m, most diffusion chambers constructed to
date exhibit water turnover times on the order of a few hours or less (Fumas
& Crosbie, unpublished data). Filters with pore sizes ~ 0.2 /lm quantitatively
retain Synechococcus and Prochlorococcus cells at low pressure differentials,
but sorne leakage may occur at higher pressure differentials (Li, 1990). In situ
incubations of diffusion chambers (and bottles) expose experimental popula-
tions to natural temperature, light and nutrient conditions (often co-variant),
but recurrent (time-series) sampling can be difficult. Time series sampling is
readily carried out by incubating bottles or diffusion chambers under simu-
lated in situ conditions in tanks filled with f10wing seawater, but growth can
be affected by toxins leached from pumps and piping or by nutrient minerali-
sation on piping surfaces. Regardless of the containment approach, rigorous
care must be taken to clean experimental containers (e.g. Landry et al.,
1995b) and to minimise fouling in any plumbing system delivering incuba-
tion water to tank incubators.
A variety of approaches have been taken to estimate picoplankton mortal-
ity during growth experiments. Apart from counting over diel cycles, the most
widely used (Burkill et al., 1993; Landry et al., 1995a,b; Verity et al., 1996)
approach has been the dilution culture method (Landry & Hassett, 1982).
Natural populations of picoplankton and their grazers are diluted to varying
degrees with picoplankton- and grazer-free filtered seawater. Net growth
within the individual dilution treatments is calculated from changes in cell
numbers (Landry et al., 1995b) or a biomass indicator (usually chlorophyll or
another pigment; Latasa et al., 1997). The true "grazer free" growth rate
(/lgrazer free) is typically calculated as the intercept of the linear regression:
~observed = ~grazer free - (fractional dilution) gundiluted
between measured net growth rates (/lobserved) and the fractional dilution of
the inoculum population, which linearly reduces the natural grazing rate
(gundiluted) given by the regression slope.
A number of assumptions underlie the design and interpretation of dilution
culture experiments. A primary assumption is that phytoplankton growth is
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density (dilution) independent. Care must be taken (e.g. Landry et al., 1995b;
Verity et al., 1996) to ensure the filtered seawater dilutant is prepared in a
manner which minimises cellular breakage, leakage of cells into the dilutant
(Li, 1990) and the introduction of toxins from the filtration apparatus. A cou-
pied assumption is that phytoplankton growth in diluted samples is neither
nutrient limited when the grazers which normally regenerate the nutrients are
also diluted or that contaminant nutrients are not introduced during the dilu-
tion process. In some experiments, nutrients (NH4, P04, Fe) have been added
to overcome potential nutrient limitation (Landry et al., 1995a; Ayukai,
1996), but the effect of nutrient additions can be context dependent (Landry et
al., 1995a). The second key assumption is that unlike phytoplankton growth,
grazing pressure is density dependent, with rates reduced in proportion to the
degree of dilution. For this to be true, it is presumed that there are no thresh-
olds in grazing responses, no significant density-dependent prey switching
and that the incubation period over which cell number or biomass changes are
measured is short relative to the time in which cell growth is fully grazer-con-
trolled. There is no theoretical reason why grazer responses must be linearly
related to the dilution rate (Evans & Paranjape, 1992), but the analysis is con-
siderably complicated if it is not. For practical purposes, dilution experi-
ments, particularly those focused upon picoplankton populations with
division cycles phase locked to the diel photoperiod, are typically run over
multiples of 24-hours. Li (1990) suggested that high growth rates of pico-
plankton cells remaining in the "cell-free" dilutant seawater imply that net
growth of picoplankton becomes damped when only a small proportion of the
grazer assemblage « 10 percent) is present.
Alternative estimates of grazing rates in diluted and undiluted seawater
have been made by tracer additions of non-growing ftuorescently labelled
bacteria (FLB: Sherr et al., 1987), nominally of similar size to Synechococcus
and Prochlorococcus and presumably of similar desirability to grazers.
Encouragingly, grazing rates estimated from the dilution method and FLB
consumption in equatorial oceanic waters are of similar order (Landry et al.,
1995b).
A third incubation approach to measuring picoplankton growth and graz-
ing rates involves the addition of selective inhibitors of either prokaryotic
growth or eukaryotic grazing to experimental populations (Fuhrman &
McManus, 1984; Sherr et al., 1986; Campbell & Carpenter, 1986b; Liu et al.,
1995). Grazing rates are estimated by "freezing" the growth of Synechocoe-
eus and Proehlorocoeeus populations with antibiotics (ampicillin, kanamy-
cin) and following the decline in their abundance, due presumably to grazing
mortality. Likewise, metabolic inhibitors (cycloheximide) which selectively
stop the growth or feeding of eukaryotic microftagellates presumably allow
prokaryote populations to grow unchecked. The central assumption underly-
ing this approach is that selective inhibitors efficiently block the growth or
feeding of the target population and are genuinely benign to other species or
genera of interest. Concentrations of inhibitors used to block growth or graz-
ing are typically large (~g - mg ml- 1) compared to concentrations of nutrients
and other materials in marine waters (ng - ~g L-1); consequently, the specifi-
city or collateral toxicity of inhibitors is a significant potential problem.
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Inhibitor experiments must be rigorous1y controlled to account for prey mor-
ta1ity arising from the experimenta1 manipulation and collateral toxicity. For
this reason, estimates of growth and grazing rates derived from use of inhibi-
tors should be regarded cautiously.
"Grazing-independent" methods
In situ growth rates of Syneehoeoeeus and Proehloroeoeeus can be esti-
mated by direct and indirect methods which are nominally unaffected by the
magnitude of concurrent grazing. These approaches assume that characteris-
tics which are a useful index of growth rate and the risk of being eonsumed by
a grazer are distributed randomly throughout the observed population of cells
(Chang & Dam 1993).
The distinctive pigment suites of Syneehoeoeeus and Proehloroeoeeus
(Jeffrey et al., 1997) readily lend themselves to grazing-independent methods
of estimating growth rates. Over time intervals where growth characterized
by the absence of photoadaptive (Goericke & Welschmeyer, 1993b; Cailliau
et al., 1996) or nutrient-mediated (e.g. Zettler et al., 1996) changes in cellular
pigment quotas is presumed to be taking place, the rate at which defined pig-
ment pools are labelled with a radioactive tracer (l4C) can be used to estimate
incremental biomass addition to the existing standing crop. While this
approach was first applied to bulk chlorophyll a as an indicator of total phyto-
plankton community growth (Redalje, 1983), improvements in chromato-
graphie separation and radioisotope detection technologies now make it possible
to separate, quantify and radioassay individual pigments characteristic of
pieoplankton classes (Gieskes & Kraay, 1989; Goericke & Welschmeyer,
1993a,c; Latasa et al., 1997): zeaxanthin for prokaryotes in general though
other groups include this pigment as a minor carotenoid, divinyl chlorophylls
a and b for Proehloroeoeeus (Goerieke & Repeta, 1992; Jeffrey et al., 1997).
Growth estimates based upon changes to the specifie activity of bulk
"chlorophyll a" as separated by conventional reverse phase HPLC are analo-
gous to those derived from primary production measurements, reflecting bio-
mass-weighted average growth across a range of taxonomie and size classes.
The principal difficulty with estimating growth by the labelling of the divinyl
ch1orophylls and accessory pigments is obtaining enough sufficiently sepa-
rated, 1abelled pigments for aceurate and precise quantification. In pigment
labelling experiments, it is assumed that cellular pigment content and pig-
ment synthesis rates are in balance with cellular biomass formation and little
pigment turnover is occurring (Goericke & Welschmeyer, 1993b; Calliau et
al., 1996). When dealing with oceanic picoplankton assemblages, diffieulties
in unambiguous1y separating mono- and di-viny1 ehlorophylls necessarily
forces attention on the less abundant accessory pigments to derive reliable
growth rates for Syneehoeoeeus in the presence of significant Proehloroeoc-
eus biomass. Beeause of the close coup1ing between the light dark cycle and
ceIl division in populations of Synechocoeeus and Proehloroeoeeus, incuba-
tions for pigment 1abelling experiments should be integral multiples of 24 hrs.
For incubations of this duration, bottle effects (toxicity and trophic) ean be a
potentially significant problem.
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In most natural habitats, DNA replication and cellular division in Syne-
chococcus and Prochlorococcus populations are closely coupled to the diel
light-dark cycle. Biomass growth and genome replication occurs predomi-
nantly during the daylight hours with concurrent increases in cell volume
(e.g. OIson et al., 1990; Binder et al., 1996; Durand & OIson, 1996) and sub-
sequent cell division, either during the afternoon or at night (Campbell &
Carpenter, 1986a; Waterbury et al., 1986). There is evidence that specifie
events in the genome replication process may require light to proceed beyond
block points (Armbrust et al., 1989), though once the process is started, more
than one cell division may occur (Shalapyonok et al., 1997). Under light lim-
itation, very small cells may simply be unable to store sufficient energy
reserves to do more at night than complete cell division processes which are
well underway (Odum et al., 1963). Cellular DNA content (Binder &
Chisholm, 1995), cell size (Binder etaI., 1996; DuRand & OIson, 1996), the
presence of pre-divisional doublet cells (Campbell & Carpenter, 1986a;
Waterbury et al., 1986) and specifie cellular proteins (e.g. Lin & Carpenter,
1995) are aIl accessible to either cytological and optical analysis for identifi-
cation of life cycle stages.
Where defined stages or event markers in the cell division cycle can be
identified (e.g. pre-divisional doublet or O2 cells), growth rate estimations can
be made from time-series observations of these stages in growing popula-
tions. Orowth rate (w day-I) is calculated from an integration of the fraction
of dividing cells within a population which can be observed in the divisional
processes or express the marker event using sorne variation of the general
equation:
~ = [l/nTdJ Li=I,n ln(l + f)
(McDuff & Chisholm, 1982) where n is the number of equally spaced obser-
vations per day, Td the duration of the divisional stage or marker event and fi
is the fraction of cells at the marker stage in the i th sample. For minimal
ambiguity, the marker should identify cells close to the final stages of the
division process. Markers at earlier stages of the cell cycle may be applicable
(Lin et al., 1997), but suffer operationally from temporal blurring of stage
duration in the cell cycle or possible arrests in the division process as a result
of environmental eues. In the case of Synechococcus and Prochlorococcus,
divisional markers include the visual presence of doublet cells (e.g. Campbell
& Carpenter, 1986a) or cells with > ln quotas of DNA (cells in Sand O2
phases: e.g. Binder & Chisholm 1995; Vaulot et al., 1995). The duration of
the marker event (Td) must be sufficiently short that affected cells are not
counted more than once, while the sampling frequency (n) must be suffi-
ciently high so that the fraction of cells going through the marker phase (fi) is
accurately defined. A Td of 3 hours (Campbell & Carpenter, 1986a) has often
been used for populations of Synechococcus and Prochlorococcus. The
appropriateness of this or any Td value should be verified for the range of
environmental settings in which it is used. Empirical estimates of Td have
been made in field samples (Sherry 1995) from the duration between the time
of maximum abundance of the chosen cell division marker (usually pre-divi-
sion doublet cells) and the maximum cellular abundance. The development of
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quantitative DNA specifie dyes (Hoechst 33342, SYBR Green: Monger &
Landry, 1993; Marie et al., 1997) has made it possible to quantify the amount
of DNA in individua1 cells and thereby detect cells in both the Sand Gz
phases of cell division. In this case, Ts + oz can be used instead of Td and is
operationally defined as the time difference between the maximum occur-
rence of cells in the Sand Gz division phases, respective1y (Carpenter &
Chang 1988; Liu etaI., 1997).
Where the timing of cell division in field populations is strongly synchro-
nised to the light dark cycle, a smaller number of samples collected near the
period of maximal marker expression may be used to estimate the fraction of
dividing cells and hence, the growth rate (the fmax method: Vaulot, 1992; Binder
et al., 1996). This approach is necessarily conservative as sorne unquantified
fraction of the total population will express the marker outside of the obser-
vational time period. The method is most applicable to highly synchronised
populations, but should be avoided where cell division is asynchronous or
when the time period of marker expression lasts for a considerable time.
Practical difficulties with the application of the cell cycle approach to esti-
mating growth rates arise from small sizes of Synechococcus and Prochloro-
coccus, the often low red fluorescence of Prochlorococcus cells near the
surface and the diversity of genomic replication dynamics in Synechococcus
(e.g. Binder & Chisholm, 1995), and possibly Prochlorococcus, strains (Sha-
lapyonok et al., 1997). Until recently, flow cytometric measurements of cellu-
lar DNA content required UV stimulated dyes, largely restricting cytometric
cell cycle measurements on field populations to preserved samples. The recent
release of blue-excited fluorescent DNA stains (Marie et al., 1997) allows cell
cycle studies to be carried out with more inexpensive and transportable clinical
flow cytometers. The predominant mode of DNA replication in photosynthetic
picoplankters involves cycling between cells with ln and 2n DNA comple-
ments (Binder & Chisholm, 1995). Sorne strains (as typified by the widely cul-
ture clone WH7803), however, have DNA replication strategies, resulting in a
range of genome copies within individual cells. In such cases, estimates of
growth based upon counts of cells with 2n DNA cannot be made. The presence
of a mix strains in a population with a range of Td values further complicates
the application of the cell cycle method in natural populations. When done
carefuIly, cell cycle and dilution culture based growth rate methods have been
shown to yield similar estimates of growth rate (Ayukai, 1996).
In situ growth of Synechococcus and Prochlorococcus populations
Over the last fifteen years, numerous estimates of in situ growth rates of
Synechococcus, and more recently, Prochlorococcus populations have been
obtained by one or more of the above methods. Here, we attempt to summa-
rise these growth measurements in an ecological context. Table 1 lists literature
sources used to construct the plots of Synechococcus and Prochlorococcus
growth rates in situ and cultures. To the extent possible, we have tried to
obtain or reconstruct in situ environmental conditions from data published in
original and companion papers, public data sources (e.g. the JGOFS EqPac
and HOTS data sets or from the authors. In certain oceanic regions where
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Table 1. Literature sources for plotted growth rates of Synechococcus
and Prochlorococcus.
Prochlorococcus (field) Synechococcus (field)
Binder et al., 1996 Affronti & Marshall, 1994
Crosbie (Ph.D. Thesis) Agawin & Agusti, 1997
Ferrier-Pages & Gattuso 1998 Ayukai, 1992
Goericke & Welschmeyer, 1993b Ayukai, 1996
Landry et al., 1995a Carpenter and Campbell, 1988
Landry et al., 1995b Crosbie (Ph.D. Thesis)
Latasa et al., 1997 Fumas, 1991
Li, 1990 Ituriagga & Marra, 1988
Liu et al., 1995 Kramer & Singleton, 1993
Liu et al., 1997 Kudoh et al., 1990
Liu et al., 1998 Lande et al., 1989
Liu et al., 1999 Landry et al., 1984
Partensky et al., 1996 Latasa et al., 1997
Reckermann & Veldhuis, 1997 Li 1990
Shalapyonok et al., 1997 Liu et al., 1995
Vaulot et al., 1995 Mikaelyan 1987
Neuer,1992
Prezelin et al., 1987
Reckermann & Veldhuis, 1997
Sherry, 1995
Prochlorococcus (culture) Synechococcus (culture)
Moore et al., 1995 Armbrust et al., 1989
Moore, 1997 Campbell & Carpenter, 1986a
Partensky et al., 1993 Glibert & Ray, 1990
Shalapyonok et al., 1997 Kana & Glibert, 1987
Moore et al., 1995
Moore, 1997
1
Neuer, 1992
Phlip's et al., 1989
1
conditions can be regarded as being stable over space and time, inferences
about subsurface light penetration were drawn from the literature. While
sorne effort has usually been made in most experiments to reduce grazing
pressure or correct growth rate estimates for grazing mortality, the efficiency
of the reduction or extent of correction is difficult to quantify and normalise
between studies.
To date, virtual!y ail reliable in situ growth rates of marine Synechococcus
populations have come from depths < 80 m (Fig. l, Top). The data set
includes growth estimates from both oceanic and coastal regions and from
both tropical and temperate habitats. While it is found over a wide depth
range in oceanic settings, Synechococcus cell numbers typically fal! off more
rapidly with depth below the surface mixed layer than those of Prochlorococ-
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eus. The small number of Synechococcus growth rates from depths > 75 m
reflects both the low number of cells often encountered at depth and the diffi-
cultY in measuring growth against a background of more numerous Prochlo-
rococcus cells. Synechococcus growth rates> 1.5 day-I (2.2 doublings day-I)
have repeatedly been measured in near-surface populations, largely in coastal
or shelf waters (e.g. Fumas, 1991; Waterbury et al., 1986), though very rapid
growth (ca. 2.9 day-l) was also measured in the oceanic Arabian Sea (Sherry,
1995; Reckermann & Veldhuis, 1997). A small number of very rapid Syne-
chococcus growth rates estimated from remnant populations in 0.2 flm filtrate
water (Li, 1990) are also shown. The bulk of Synechococcus growth rates in
situ, however, are less than 0.7 day-I Cl doubling day-I). The high Synecho-
coccus growth rates al! occur in the upper 25 m of the water column where
in situ irradiance is typically > 25 percent of the surface flux. Growth rates to
1 day-I have been recorded at depths to 75 m in nominally oligotrophic tropical
waters, indicating that growth of deep-living populations may not always be
strongly light limited.
Most of the reported Synechococcus growth rates have come from experi-
ments where "grazing-independent" methods were not used or concurrent
grazing mortality was not estimated by independent methods. Distributions
of growth rates made with and without a grazing correction (Fig. 2) show a
larger proportion of growth rates exceeding 0.5 day-I in experiments using
"grazing independent" methods or where grazing losses were independently
Grazing correction
12 10 8 6 4 2
No grazing correction
o 20 40 60 80 100 120
~ = 0.0-0.50 d-1
~=0.51-1.0d-l
Il= 1.01-1.5d-1
Il = 1.51-2.0 d-1
Il = 2.01-2.50 d-1
Il = > 2.50 d-1
Figure 2. Distributions of measured in situ growth rates of Synechococcus from
experiments with (Left) and without (Right) corrections for grazing mortality. Grazing
corrected growth rates are derived from techniques unaffected by grazing mortality
(cel! cycle analysis, pigment labelling) or experiments where independent measure-
ments of grazing mortality were made to adjust measured net growth rates.
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measured. The difference points to the pervasive influence of grazing pres-
sure on experimental Synechococcus populations, even those screened
through small pored filters. The absence of a strong difference between cor-
rected and uncorrected rates reflects the considerable range of growth rates
occurring in natural populations, variability in grazing rates and possibly, dis-
proportionate effects of experimental artefacts upon growth and grazing rates.
ln comparison, positive Prochlorococcus growth rates (Fig. l, Bottom)
have been recorded to depths exceeding 150 m (e.g. Vaulot et al., 1995; Liu et
al., 1997). Most measurements of Prochlorococcus growth in situ have been
made using methods (cell cycle analysis, pigment labelling) which are mini-
mally influenced by grazing pressure. In situ growth rates of Prochlorococcus
are typically ~ 0.7 day-l, but there is clear evidence of natural assemblages
dividing more than once per day (e.g. Vaulot et al., 1995; Shalapyonok et al.,
1997; Liu et al., 1998). As with Synechococcus, a small number of very high
growth rates were estimated by Li (1990) for residual cells in filtered sea-
water. These aside, Prochlorococcus growth rates to a general maximum of
0.7 day-I occur over a broad depth band between the surface and 100 m. In
many experiments, there are indications of light inhibition at the surface. At
depths between 100 and 150 m, maximum Prochlorococcus growth rates still
ranged between 0.7 and 0.25 day-I (1.0-0.35 doublings day-I).
When measured in situ growth rates of Synechococcus and Prochlorococ-
cus can be plotted against sub-surface irradiance as a proportion of surface
irradiance (percent la), maximum Synechococcus growth rates (Fig. 3, Top)
are generally found at irradiance levels exceeding 10 percent of la, though in
recent measurements made in the Arabian Sea (Liu et al., 1998), high growth
rates were also measured between the 1 and 10 percent isolume depths. Rela-
tively high growth rates of adapted Synechococcus populations have been
measured on a number of occasions in shallow « 10 m depth) coral reef
lagoons where cells are exposed to high light levels throughout the day (Lan-
dry et al., 1984; Fumas, 1991; Ayukai, 1992; Ferrier-Pages & Gattuso, 1998).
Prochlorococcus populations can grow at high relative growth rates over a
broad irradiance band between 1 and 30 percent of la (Fig. 3, Bottom).
Prochlorococcus population growth rates greater than 1 day-I have only been
recorded once to date in the high-light near-surface layer (Liu et al., 1998).
Conversely, only four positive Synechococcus growth rates have been measured
at depths below the 1 percent isolume surface, though three of these growth
rates from the Arabian Sea exceeded 0.7 day-I (Liu et al., 1998).
Synechococcus clones have been cultured over a range of light intensities
between ca. 5 and 2000 ilE m-2 S-I (Fig. 4). For comparison with field exper-
iments, a daily quantum flux of 40 mol Q m-2 equates to instantaneous sur-
face fluxes of ca. 1100 and 800 ilE m-2 S-l when averaged over daylengths of
10 and 14 hours, respectively. To date, Synechococcus growth rates have been
measured in only a limited number of clone, light and temperature combina-
tions. When grown in a light-dark cycle, light-dependent growth rates of Syn-
echococcus appear to saturate at intensities on the order of 200 ilE m-2 S-I,
regardless of the photoperiod. Cultures grown in continuous light have maxi-
mum growth rates 50-100 percent greater than cultures grown in a defined
L:D cycle. The highest Synechococcus growth rate in culture (clone WH7803
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Figure 3. In situ growth rates of
Synechococcus (Top) and Prochloro-
coccus (Bottom) in relation to irradi-
ance expressed as a percentage of
surface irradiance. Dashed lines
indicate one population doubling per
day. Growth rates off scale are iden-
tified by text.
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Figure 4. Growth rates of cultured clones
of Synechococcus in relation to light inten-
sity (white fluorescent). Light intensity
values are plotted on logarithmic (Top)
and linear (Bottom) scales. Closed circles
identify clones grown under a light-dark
cycle. Open circles identify clones grown
under continuous light. Open squares
identify data from experiments with unre-
solved light conditions. Dashed lines indi-
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- 1.96 day-i; Kana & Glibert, 1987) was achieved under continuous light at
an irradiance (2000 ilE m-2 S-I) which is equivalent to summer surface irradi-
ance in the tropics and considerably above the optimum level suggested by
the in situ growth data. To date, there is no clear evidence for photoinhibition
of growth by properly adapted clones. The upper boundary of the envelope
surrounding the log-transformed data on Synechococcus growth in culture
(Fig. 4, Top) suggests a low-light compensation intensity for growth on the order
of 3-5 ilE m-2 S-1. For a diumally-averaged surface irradiance of 1000 ilE m-2 S-I,
this would correspond to 0.3-0.5 percent of la, similar to the minimal in situ
irradiance level at which positive Synechococcus growth has been recorded.
Growth vs. irradiance relationships have been determined for Prochloro-
coccus clones isolated from a variety of oceanic settings (Fig. 5). Moore
(1997) used growth responses and other physiologial criteria to separate
Prochlorococcus clones into "high-light" and "low-light" adapted groups.
"Low-light" Prochlorococcus clones are characterised by maximum growth
rates < 0.7 day-I « 1 doubling day-I) and reach maximum growth rates at
irradiance levels < 100 ilE m-2 S-I (Fig. 5, Bottom). Where properly accli-
mated, a few high-light Prochlorococcus clones (e.g. MIT 9302, AS9601:
Shalapyonok et al., 1997) grew at more than one cell doubling per day at
irradiances down to 40 ilE m-2 S-1 (ca. below the 5% isolume surface). In
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direct comparisons, Prochlorococcus clones cultured in "blue" Iight divided
more rapidly at a given photon flux than grown under "white" light (Moore
et al., 1995), an adaptation favoring growth deep in the euphotic zone. Inhi-
bition of growth rates at high irradiance levels (> 300 ~E m-2 S-I) is appar-
ent in both the high- and low-light adapted clones (Fig. 5, bottom). To date,
growth of Prochlorococcus in culture has not been reported at irradiance levels
> 500 ilE m~2 S-I. An extrapolation of envelopes bounding growth responses
of both low- and high-light adapted clones to low light Ievels (Fig. 5, Top)
points to a compensation intensity for growth on the order of 1 ~E m-2 S-I.
The in situ growth data, however, suggests that the compensation intensity
for growth may be an order of magnitude lower (ca. 0.1 ilE m-2 S-I; Fig. 3,
bottom).
In experiments where diurnally averaged in situ quantum fluxes can be
reliably estimated, light-dependent growth rates of Synechococcus and
Prochlorococcus generally fall within envelopes of growth rates observed in
laboratory cultures (Fig. 6). In the case of Synechococcus, the lowest diur-
nally-averaged in situ irradiance fluxes at which positive growth has been
measured are presently on the order of 10 ilE m-2 S-I. In contrast, positive
Prochlorococcus growth rates have been measured at in situ irradiances as
low as 0.3 ilE m-2 S-I (Vaulot et al., 1995).
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Figure 6. In situ growth rates of Synecho-
coccus (Top) and Prochlorococcus (Bot-
tom) in relation ta diumally averaged in
situ irradiance. The shaded shapes indicate
the envelopes of light-dependent growth
rates observed in cultured clones. The
dashed lines indicate one population dou-
bling per day.
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Synechococcus is found in coastal and oceanic habitats over a wide latitudi-
nal range (Partensky el al., ttUs volume) where water temperatures range from
< O°C to weil in excess of 30°e. Positive in situ growth rates have been
recorded across a temperature range of - 0.5°C to ca. 30°C (Fig. 7, Bottom).
Synechococcus populations are known to persist in temperate coastal habitats
with extended periods of sub-zero water temperatures (Waterbury el al.,
1986), but growth is very slow (Carpenter & Campbell, 1988). The highest
Synechococcus growth rates in situ were recorded at temperatures approaching
30°e. Field populations exhibit a broad temperature maximum for growth
between 20° and 30°e. In contrast, the highest growth rates of cultured popu-
lations of Synechococcus (Fig. 7, Top) occur between 22 and 25°e. Fewer data
are available for comparing temperature-dependent growth rates of Prochloro-
coccus in situ and in culture (Fig. 8). Prochlorococcus predominantly occurs
in tropical and sub-tropical oceanic regions where water temperatures tend to
be less variable than at tUgher latitudes where Synechococcus is found. Current
in situ and laboratory data suggest the optimal temperature range for growth of
Prochlorococcus is on the order of 23-27°C.
To date, macro-nutnent (N, P) dependent growth kinetics of Synechococcus
and Prochlorococcus have not been explicitly examined in culture. Both genera
are widely distributed in ultra-oligotrophic oceanic habitats and by vietue of
their small size should be adapted to low nutrient availability. In oligotrophic
Figure 7. Growth rates of Synechococcus in
relation to temperature in cultures (Top) and
in situ (Bottom). The shaded area in the
5 10 15 20 25 30 35 bottom plot identifies the envelope of growth
rates observed in culture. Dashed Iines indi-
Temperature (oC) cate one population doubling per day.
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waters of the Great Barrier Reef (GBR), equatorial Pacifie Ocean and North
Pacifie Central Gyre, for which appropriate nutrient concentration data is
available (Fumas & Crosbie, unpubl. Data; JGOFS EqPac and HOTS Data
Archives), both Synechococcus (Fig. 9, Top) and Prochlorococcus (Fig. 9,
Bottom) exhibit high relative growth rates at very low « 10 nM) concentra-
tions of NH4• It is unclear to what extent the apparent decline in Synechococ-
cus growth rates at NH4 concentrations < 10 nM (Fig. 9, Top) reflects true
limitation of growth or the small amount of growth data in that concentration
range. Ammonium is typically the most abundant form of inorganic N and the
form of N most readily supplied by mineralisation processes. Similar rela-
tionships occur for total DIN (= NH4 + N02 + N03) and P04. In most set-
tings, macronutrient availability does not appear to limit growth of
Synechococcus and Prochlorococcus. The apparent inverse relationship
between growth rate and NH4 concentration in the GBR data occurs because
the higher NH4 concentrations (> 0.2 /lM) typically occurred in deeper shelf
waters where low ambient light levels also limit growth. In situ growth rates
of Synechococcus and Prochlorococcus in the equatorial Pacifie Ocean,
where N03 concentrations (> 2 /lM) are far above growth saturating levels
(Landry et al., 1995a; Vaulot et al., 1995; Shalapyonok et al., 1997) are of the
same order as those measured in tropical shelf waters (Fumas, 1991) and the
oligotrophic North Pacifie Gyre (e.g. Liu et al., 1995; 1997).
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Figure 9. Growth rates of Synechococcus (Top) and Prochlorococcus (Bottom) in
relation to ambient ammonium concentrations. Closed circles identify growth rates
from diffusion culture experiments carried out in the Great Barrier Reef with ammo-
nium concentrations time averaged over 24-48 hours. Open symbols identify growth
rates from the North Pacifie Central Gyre (HOT049, 055) and Equatorial Pacifie
Ocean (TT007, 011) estimated using cell cycle methods with ammonium concentra-
tions measured at similar depths at the station site.
DISCUSSION
A considerable body of data now exists on in situ growth rates of Syne-
chococcus and Prochlorococcus in the ocean. Growth rates have been meas-
ured across much of the environmental range in which these genera are
known to occur. As a result, it is possible to generalise about growth dynam-
ics of Synechococcus and Prochlorococcus in nature and compare patterns of
in situ growth with growth rates observed in culture under controlled condi-
tions. Gratifyingly, most of the observed in situ growth rates fall within the
growth response envelopes observed in culture (or vice versa). As might be
expected from the coexistence of Synechococcus and Prochlorococcus in
many oceanic environments, the ecophysiological niches of these genera
defined by light, temperature and inorganic nutrient concentrations overlap
considerab1y.
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While at least sparse populations of Syneehoeoeeus occur throughout the
full depth of the euphotic zone in coastal and oceanic systems (e.g. Waterbury
et al., 1986; OIson et al., 1990; Campbell & Vaulot, 1993; Partensky et al.,
1996; Sherry, 1995; Landry et al., 1996), the preferred habitat of Syneehoeoe-
eus from the perspective of growth rate appears to be the weil-lit upper
euphotic zone. The highest in situ growth rates of natural Syneehoeoeeus pop-
ulations measured to date have come from the upper few lO's of meters of the
water column (Fig. 1). Syneehoeoeeus appears to thrive in shallow, high-light
environments (e.g. coral reef lagoons; Charpy & Blanchot 1998) and tropical
coastal waters where daytime irradiances routinely exceed saturating levels
(Landry et al., 1984; Fumas, 1991; Ayukai, 1992; Ferrier-Pages & Gattuso,
1998; Fumas & Crosbie, unpubl. data). It is unclear why so few in situ growth
rates of Synechoeoccus have been recorded from the base of the euphotic
zone save for the possibilities that few measurements have been attempted or
local Syneehoeoccus populations were sufficiently sparse that positive growth
could not be measured against the background of the more abundant and
actively growing Proehlorococcus cells. Culture studies suggest that Syne-
chococcus populations should be able to grow at light levels below 1.0 per-
cent of surface irradiance (la) in oceanic systems. A number of measured
Synechocoecus growth rates at < 10 percent ofIo are on the order of 1 day-l,
approximately half the maximum recorded in natural populations.
Prochlorocoecus, while also occurring throughout the full depth of the
euphotic zone, is often found in greatest numbers or is proportionately most
abundant deeper in the euphotic zone. Positive growth rates (0.1-0.25 day-l)
have been recorded at irradiance levels < 0.1 percent of surface irradiance
« 1 ilE m-2 S-I diumally averaged). Culture and physiological studies on
Prochlorocoecus indicate the presence of two major physiological families of
cells, categorised as "high-" and "low-light" adapted (Moore, 1997). From
the perspective of growth, the difference between these groups appears
largely in the maximum growth potential and the capacity of strains to grow
at irradiance levels > 300 ilE m-2 S-I. Both high- and low-light adapted
strains exhibit maximal growth rates at relatively low irradiance levels (ca.
40-200 ilE m-2 S-I), but only high-light adapted strains appear capable of
more than one genomic (cell) doubling per day (Shalapyonok et al., 1997).
The ability of both low- and high-light adapted strains to grow rapidly at low
irradiance levels is evident in the broad range (2-20 percent la) over which in
situ growth rates> 0.7 day-I are observed (Fig. 3, Bottom).
Light-dependent growth rate envelopes of Synechococeus and Prochloro-
coccus strains in culture largely overlap. To date, growth rates of cultured
Syneehocoecus clones have not been reported at diumally-averaged irradi-
ance levels < ca. 5 ilE m-2 S-I (approx 0.5 percent of diumally-averaged irra-
diance: see above), while positive growth of Proehlorococcus clones have
been measured at irradiance levels down to 1-3 ilE m-2 S-I. Prochlorococcus
therefore has a compensation intensity for growth on the order of 10 to 20%
of that required by Synechoeoeeus, giving it a clear competitive advantage
deep in the euphotic zone. There is a clear need to resolve the growth per-
formance of ecologically representative suites of both Synechococcus and
Prochlorocoeeus clones at very low irradiance levels to better define their relative
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growth kinetics at the bottom of the euphotic zone and in deep chlorophyll
maximum layers.
What are the maximum growth rates Synechococcus and Prochlorococcus
populations or strains can achieve in situ? Under "optimal" conditions of
light, temperature and nutrient availability, it appears that Synechococcus
populations can potentially divide up to three times within one 24-hour
period (2.1 day-I) while Prochlorococcus appears limited to a maximum of
two doublings within a 24-hour period (104 day-I). For Synechococcus, these
conditions are most commonly met in shallow coastal waters (Waterbury et
al., 1986; Ayukai, 1992). The most rapid Prochlorococcus growth rates in situ
have been recorded in the mixed layer of equatorial upwelling zones and the
monsoonal Arabian Sea (Vaulot et al., 1995; Shalapyonok et al., 1997; Liu et
al., 1998). A small number of higher division rates have been reported for
both Synechococcus (to 4+ doublings day-l; Waterbury et al., 1986) and
Prochlorococcus (3 doublings day-I; Li, 1990). In ail these cases, altemate
explanations for the high growth rates or artefacts cannot be excluded.
The apparently very rapid growth rates of both Synechococcus and
Prochlorococcus assemblages contaminating "cell free" filtrates (0.2 !lm fil-
tered) reported by Li (1990) fall noticeably outside envelopes of growth rates
of these genera in situ (Fig. 1) and in culture (Figs 4, 5, 7, 8). If these high
rates are taken at face value, they imply that: 1) sub-populations of cells in
both genera have extremely high growth rates in situ, 2) that populations of
these fast-growing cells are held in check by only a small fraction « 10 per-
cent) of the microzooplankton grazing assemblage which are able to capture
them while both are in a highly dispersed state, and 3) that over longer peri-
ods, these fast growing assemblages must be selectively grazed or held in
check by other processes which prevent them from dominating the structure
of natural Synechococcus and Prochlorococcus assemblages. These three
conditions are difficult to reconcile with our current understanding of pico-
plankton growth rates in culture and our view of pelagie microbial food webs.
This suggests that these high rates likely arise from sorne type of experimen-
tal artefact.
A variety of observations (e.g. Partensky et al., 1996; Charpy & Blanchot,
1998; Crosbie & Fumas, this volume) show that Prochlorococcus is excluded
from or at least numerically deficient relative to Synechococcus in coastal and
shallow lagoonal habitats which are characterised by enhanced nutrient avail-
ability and elevated phytoplankton standing crops relative to adjacent oceanic
regions. There is no obvious reason why modestly enhanced nutrient levels
per se would be detrimental to the growth of Prochlorococcus. One explana-
tion is that Prochlorococcus growth is inhibited relative to Synechococcus at
the higher light levels which prevail in these shallow habitats. Altemately, the
greater nutrient inputs to these shallow systems support both a higher phyto-
plankton and bacterial standing crop and an enhanced population of micro-
zooplankton grazers. With its higher intrinsic growth potential, Synechococcus
populations have the capacity to maintain their numbers in this environment
of enhanced grazing. With a lower maximum growth potential, Prochloro-
coccus populations cannot maintain a significant presence in the face of the
elevated grazing pressure.
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The standard exponential expression for population growth (time~l) is not
wholly suited to the nature of cell division processes and population growth
of Synechococcus and Prochlorococcus. The exponential growth coefficient
implies that population and cellular growth rates fluctuate along a continuum
of values. In all environments where they occur, populations of both Syne-
chococcus and Prochlorococcus have cell division cycles which are strongly
coupied to the diel light cycle. Within the overall population of each genera,
sub-populations have "quantised" division rates. Generation times of individ-
ual cells and their immediate daughter cells are integral multiples or fractions
of a daily doubling rate (G = 1,2,3,4, ... days, or less frequently, 2 or 3 divi-
sions in one diel period). Individual cells or sub-populations of cells which
are unable to replicate their genome within a single diurnal period or the
remainder of a diurnal period must wait until at least the following day to
complete the process. For extremely light-limited populations at the base of
the euphotic zone, several days may be required to complete the cell division
cycle. The presence of larger cells of both Synechococcus and Prochlorococ-
cus at the base of the euphotic zone may in part be indicative of such a stalled
sub-population. Conversely, sorne cell lines may rush through two or more
genomic replications or cell divisions within a short time period, independ-
ently of their capacity to fully synthesise the components of new cells (Binder
& Chisholm, 1995; Shalapyonok et al., 1997). The population growth rate
(day-I) more appropriately reflects the proportion (which can exceed 100%)
of the population which has completed one doubling in a 24-hour period. The
extent to which quantised sub-populations of cells within a given body of
water are physiologically discrete (e.g. Moore 1997), perhaps genetically
defined (e.g. Toledo & Palenik, 1997; Moore et al., 1998), or are fluid, with
generation times of individual cells varying in response to changing environ-
mental parameters is unresolved.
Are growth rates of natural populations of Synechococcus and Prochloro-
coccus nutrient-limited? By virtue of their very small cell size and wide-
spread distribution through tropical and sub-tropical oceans, both genera can
be expected to have efficient mechanisms for obtaining nutrients in extremely
oligotrophic environments. Modern estimates of phytoplankton community
growth rates in Synechococcus- and Prochlorococcus-dominated oceanic
environments are also indicative of high relative growth rates in low-nutrient
ecosystems. Synechococcus, and Prochlorococcus growth rates, determined
using diffusion cultures (Fumas, 1991; Fumas & Crosbie, unpublished.) and
cell cycle methods (Liu et al., 1997) indicate both genera are capable of
achieving high relative growth rates at NH4 (essentially DIN) concentrations
on the order of 10-9 M. If this is the case, neither genus should be nutrient-
limited in even slightly more eutrophie coastal and shelf environments where
nutrient mineralisation fluxes are relatively higher. Prochlorococcus, how-
ever, appears to have sorne advantage under very low nutrient conditions.
Vaulot et al. (1995) concluded that the growth of Prochlorococcus popula-
tions in the equatorial Pacifie was not nutrient limited, even in the case of
iron, which has been shown to primarily stimulate the growth of eukaryotes
and Synechococcus (e.g. Fitzwater et al., 1996). In the same region, Landry et
al., (1995a) found that nutrient additions increased the growth rate of pico-
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plankton populations under oligotrophic El Nino conditions, but not under
more normal upwelling conditions.
Although we have noted the importance of quantifying grazing mortality
to arrive at accurate estimates of in situ growth rates of Synechococcus and
Prochlorococcus, we have not discussed grazing dynamics in detail. Pico-
plankton populations, regardless of their taxonomic status, are subject to high
relative mortality from a variety of microplankton grazers. Where growth
rates are estimated by approaches which are largely independent of grazing
pressure (cell cycle analysis, pigment labelling), first order estimates of graz-
ing rates can be calculated from simple conservation of cell numbers or bio-
mass when overaIl populations do not change appreciably over time. In cases
where growth and grazing rates are obtained by independent means (e.g.
Landry et al., 1995b), concurrently measured growth and grazing rates faIl
within similar ranges, but are often poorly correlated in individual experi-
ments. The lack of correlation is not surprising as growth and grazing need
not be closely coupled within short (daily) time intervals and microzooplank-
ton assemblages may not respond to experimental manipulation in the same
manner as Synechococcus and Prochlorococcus.
Despite their very smaIl ceIl size, growth rates of Synechococcus and
Prochlorococcus in situ are slow relative to other, larger phytoplankters in a
range of environmental settings (Fumas, 1990, 1991; Fitzwater et al., 1996).
Where population sizes remain relatively constant with time, conservation of
cell numbers also requires that absolute grazing rates at the population level
be of similar magnitude to growth rates. As growth rates of heterotrophic
microftagellates and ciliates under optimal feeding conditions can be signifi-
cantly greater (Sherr & Sherr. 1983; Sherr et al., 1983; Caron et al., 1991)
than those of Synechococcus and Prochlorococcus the implied slow grazing
rates suggest that either microplankton grazers are not feeding efficiently at
natural picoplankton population levels, or more likely, that populations of
microplankton herbivores are actively predated by carnivorous predators. As
a consequence, population dynamics of both grazers and prey are highly
damped.
CONCLUSION
The ecological niche spaces of Synechococcus and Prochlorococcus illus-
trated by their respective growth rates in relation to light (depth), temperature
and nutrient availability largely. but not completely, overlap, as do their spa-
tial distributions in nature. The differences that exist identify the range of
environmental conditions in which each genus is best suited. Differences in
their light-dependent growth envelopes are consistent with Synechococcus
achieving optimal conditions for growth in the high light environment of the
upper mixed layer and Prochlorococcus dominating in a broader sub-surface
band extending to the base of the euphotic zone. The more cosmopolitan Syne-
chococcus exhibits growth over a broader range of temperatures than
Prochlorococcus which is largely restricted to tropical and subtropical water
masses. Both genera are continuaIly grazed at rates close to their in situ
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growth rates, strongly damping population fluctuations. Strain-based genetic,
compositional and physiological variability within each genus is consistent
with an ecophysiological partitioning of habitat space. The considerable over-
lap between growth envelopes of natural and cultured populations of both
genera implies that culture studies of these genera can provide an accurate
window on their in situ growth behaviour.
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INTRODUCTION
Unicellular and filamentous cyanobacteria from freshwater as weil as
marine sources have served as familiar objects of botanical and biochemical
studies for over a hundred years (for references, see for example, Setchell &
Gardner, 1919; Tilden, 1937; Stanier et al., 1971; Carr & Whitton, 1973;
Fogg et al., 1973). Among marine cyanobacteria, the colonial, diazotrophic,
filamentous Trichodesmium, received the lion's share of attention for a long
time because of its obvious abundance (Capone et al., 1997). This focus
changed with the discovery that small coccoid cyanobacteria, Synechococcus
and Synechocystis spp. were abundant and widespread throughout the world's
oceans (Johnson & Sieburth, 1979; Waterbury et al., 1979), and were signifi-
cant contributors to primary productivity.
Certain features of their pigment composition were believed to be uni-
formly characteristic of cyanobacteria in general and until recently were
accepted as the biochemical hallmarks of these organisms. These features
were the presence of the phycobiliproteins, a family of proteins with linear
tetrapyrrole (bilin) prosthetic groups, and the absence of chlorophyll b.
So dominant was the emphasis placed on the pigment composition that
when Lewin (1975) discovered Prochloron (initially named Prochlorococcus
didemnii), which contained chlorophylls a and b, but no phycobiliproteins
(Lewin & Wither, 1975), he proposed the creation of a new phylum, the
Prochlorophyta (Lewin, 1976). [Prochloron is an oxyphototrophic procaryote
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with a typicaIly chroococcalean fine structure, epizoic on marine tunicates
(Lewin, 1975; Schultz-Baldes & Lewin, 1976).]
For ten years, Proehloron remained the sole known procaryote containing
both chlorophyIls a and b. The exceptional pigment composition of Proehlo-
ron coupled with its special ecological niche and the difficulty of bringing
this organism into pure culture reinforced the impression that one was dealing
with an evolutionary relict. The picture changed with the discovery of a free-
living, readily culturable, fresh water, filamentous photosynthetic organism,
Proehlorothrix hollandiea, containing chlorophyIls a and band lacking phy-
cobiliproteins (Burger-Wiersma et al., 1986). This discovery was followed
within two years by the report of a small « 21lm in length) free-living photo-
synthetic organism, present in great abundance in the oceanic euphotic zone
(Chisholm et al., 1988) along with the marine Syneehoeoeeus sp. mentioned
above. This oxyphototrophic marine prokaryote, reported to contain divinyl
chlorophylls a and b, but to lack phycobiliproteins, was named Proehloroeoe-
eus marinus (Chisholm et al., 1992). Proehlorocoeeus reaches cell numbers
of up to 105 ml- I as compared to about 104 ml- l for Syneehoeoeeus.
Phylogenetic analyses based on 165 RNA sequences and those of protein-
encoding genes (petB, petD, and the intergenic region between them) show
that Proehloroeoeeus and marine Syneehoeoeeus strains belong to a single
marine picoplankton clade and indicate a near-simultaneous diversification of
marine linkages with divinyl chlorophyIl b or phycobilisomes as photosyn-
thetic antennae (Urbach et al., 1998). Urbach et al. (1998) also note that "the
phylogeny implies that aIl analyzed Proehloroeoeeus strains share more
recent common ancestry with the phycobilisome-containing Cyanobium-
Cluster (PCC6307) than with other chi b-containing prokaryotes (Proehloron
sp. and Proehlorothrix hollandiea).
We describe here the aspects of the light-harvesting antenna complexes of
marine Synechoeoeeus spp. which greatly enhance their ability to utilize
blue-green light. We also note parallel molecular adaptations to environments
rich in blue light seen in Proehloroeoeeus strains.
THE PHOTOPHYSICAL PROBLEM
The spectral photon distribution of daylight at the Earth's surface shows
only a modest wavelength dependence between 400 and 700 nm. Thus, for a
photosynthetic organism that utilizes the daylight spectrum, the absorbance
range of its photosynthetic accessory pigments is less important than their
molar extinction coefficients and their concentration per cell. The latter prop-
erties largely determine how much visible light energy is harvested. However,
organisms that live at significant depths in natural bodies of water encounter
wavelength-dependent attenuation of light intensity with depth. Moreover,
there are significant differences between the transmission properties of oce-
anic and coastal waters. For example, in coastal water such as in the Baltic
Sea, at a depth of only 20 meters, the transmitted light is limited to the
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window of green and yellow light between 505 and 600 nm. In contrast, in the
eastem Mediterranean, the window lies in the blue-green between 425 and
575 nm with maximum transmittance at about 475 nm (Jerlov, 1976).
To a photoautotroph in an ecological niche characterized by such narrow
windows of the daylight spectrum, complementarity between the absorbance
spectrum of its photosynthetic antenna pigments and the wavelengths of the
predominant incident radiation is a necessity. The marine unicellular cyano-
bacteria and the prochlorophytes have each met these spectroscopic chal-
lenges, but in biochemically distinctive ways.
PHYCOBILISOME:
THE CYANOBACTERIAL PHOTOSYNTHETIC
ANTENNA COMPLEX
Cyanobacteria possess two types of prote in-pigment complexes: the pho-
tosystem 1 and II reaction center complexes, wherein chlorophyll a is the
major light-harvesting chromophore, and the phycobilisome, a large antenna
complex with linear tetrapyrroles (bilins) as the light-harvesting chromo-
phores. Cyanobacterial photosystem 1 (Golbeck, 1994) and photosystem II
(Barry et al., 1994) are each remarkably similar to the corresponding reac-
tion center complexes of higher plants. However, the phycobilisome is
unique to the cyanobacteria and red algae (Gantt, 1980; Glazer, 1994; Sidler,
1994). The molecular architecture of phycobilisomes and of their constituent
building blocks, the phycobiliproteins is known in considerable detail.
The phycobiliproteins are a family of homologous proteins whose funda-
mental building block is an o:~ heterodimer. These proteins carry covalently
attached bilins (Fig. 1). These bilins are responsible for the absorbance of vis-
ible light by the phycobiliproteins. Four isomeric bilins are found in cyano-
bacterial phycobiliproteins: phycocyanobilin (PCB: Amax 615-650 nm),
phycobiliviolin (PXB; Amax 568, 590(s) nm), phycoerythrobilin (PEB; Amax
540-568 nm), and phycourobilin (PUB; 495 nm). The maxima and/or absorb-
ance ranges given are those for these bilins in native phycobiliproteins
(Glazer 1989; 1994). The assembly of phycobiliproteins into trimeric, (o:~h,
and hexameric, (O:~)6' complexes is mediated by a family of polypeptides
called linker polypeptides. The structure and assembly of phycobilisomes has
been reviewed in detail eIsewhere (Glazer 1985, 1989, 1994; Sidler 1994).
Phycobilisomes are made up of two morphologically distinct substruc-
tures: a core, whose major component is allophycocyanin (Amax 650 nm), and
rods, with phycocyanin (long wavelength Amax - 620 nm) and phycoerythrin
(long wavelength Amax - 565 nm) as the major components. The phyco-
biliproteins in the rod substructures are the quantitatively major contributors
to the absorbance of phycobilisomes. The spectra of phycobilisomes purified
from several strains of marine unicellular cyanobacteria Synechococcus sp.
are shown in Fig. 2. Over 90% of the absorbance ofthese phycobilisomes lies
in the blue-green (between 450 and 580 nm; Fig. 2).
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Figure 1. Structures of peptide-linked bilins in phycobiliproteins: A, phycocyano-
bilin (PCB); B, phycobiliviolin (PXB); C, D, phycoerythrobilin (PEB); E,F. phyco-
urobilin (PUB).
MOLECULAR FEATURES WHICH OPTIMIZE ABSORBANCE
OF BLUE·GREEN LIGHT BY THE PHYCOBILISOMES
OF THE UNICELLULAR MARINE CYANOBACTERIA
Phycobilisomes of marine unicellular cyanobacteria, particularly those of
organisms isolated from open ocean locations, show a number of striking dif-
ferences from their counterparts in strains isolated from fresh water or soil.
Marine Synechococcus spp. Phycoerythrins
Two different phycoerythrins are present in the phycobilisomes of the
marine Synechocococcus strains WH8103, WH8020, and WH78ü3. These
proteins are present in the phycobilisome in a relative molar ratio of about 3: l,
and were designated PE(II) and PE(I), respectively (Gng & Glazer, 1988, 1991).
The genes encoding strain WH8020 and WH8103 PE(II) a and ~ subunits
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Figure 2. Absorbance and fluorescence emission spectra of phycobilisomes from
marine Synechococcus spp. in 0.75 M NaK-phosphate buffer at pH 8.0 for A, strain
WH8103; B, strain WH8112; C. strain WH8020; D, strain WH7803; and E, strain
WH7805. Excitation was at 485 nm. From Gng & Glazer. 1988.
were cloned and sequenced (Wilbanks et al., 1991; de Lorimier et al., 1992)
and found to share 92% identity. The genes encoding strain WH8020 PE(I) ex
and psubunits were also cloned and sequenced (Wilbanks et al., 1993a). The
bilin locations and identities and modes of bilin attachment were determined
for strain WH8020 and WH8103 PE(l1) and PE(I) ex and psubunits by purifi-
cation and characterization ofbilin-bearing peptides (Gng & Glazer, 1991).
The two phycoerythrins from each marine Synechococcus strain differ
both in bilin composition and bilin content. In each case, PE(I) is present in a
much lower amount and has fewer (or no) PUB groups than the more abun-
dant PE(II). PE(I)s are typical of all previously studied C-, B-, and R-phyco-
erythrins in that they carry five bilin groups at locations homologous to the
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PHYCOCYANINS a-84 ~-82 ~-155
C-Phycocyanin PCB PCB PCB
Phycoerythrocyanin PXB PCB PCB
R-Phycocyanin PCB PCB PEB
R-Phycocyanin II PEB PCB PEB
WH85ül Phycocyanin PUB PCB PCB
PHYCOERYTHRINS a-75 a-83 a-140 ~-50.61 ~-82 ~-159
C-Phycoerythrin PEB PEB PEB PEB PEB
B-Phycoerythrin PEB PEB PEB PEB PEB
R-Phycoerythrin PEB PEB PUll PEB PEB
WH8ü2ü Phycoerythrin l PEB PEB PEB PEB PEB
WH8ü2ü Phycoerythrin II PUB PEB PEB PUll PEB PEB
WH81ü3 Phycoerythrin l PEB PUB PUB PEB PEB
WH81D3 Phycoerythrin II PUB PUB PUB PUB PEB PEB
WH85ül Phycoerythrins PUB PUB PUll PEB PUB
Figure 3. Bilin types and attachment sites in cyanobacterial and red algal phyco-
cyanins and phycoerythrins. Bilins indicated in bold face absorb between 450 and
580 nm. See Fig. 1 for bilin structures and the text for other details. (For source
references, see Fig. 15 in Ong & Glazer, 1991).
bilin attachment sites in the other phycoerythrins (Lundell et al., 1984; Klotz
& G1azer, 1985; Sidler et al., 1986; Fig. 3). In contrast, PE(II) carries six
bilins. Five of these occur at positions corresponding to those in PE(I)s and in
C-, B-, and R-phycoerythrins (Anderson & Grossman, 1990; Dubbs & Bry-
ant, 1991; Mazel et al., 1986; Roell & Morse, 1993; Sidler et al., 1989). How-
ever, the sixth bilin in PE(II) is attached at ex-75 (Fig. 3). The sequence about
this additional bilin attachment site lacks homology to other phycoerythrin ex
subunit sequences. Alignment of the sequence of WH8020 PE(II) and
WH8103 PE(II) ex subunits with those of C-, B-, and R-phycoerythrins indi-
cates that the additional bilin attachment site represents a single amino acid
insertion, accompanied by a series of mutational events (Wilbanks et al.,
1991; de Lorimier et al., 1992). In both the strain WH8020 PE(II) and
WH8103 PE(lI) ex subunits, the thioether-linked bilin at ex-Cys-75 is PUB
(Gng & Glazer, 1991; Wilbanks et al., 1991; de Lorimier et al., 1992).
Partial dissociation experiments on the phycobilisomes of marine Syne-
chococcus strain WH7803 showed that both phycoerythrins were parts of the
rod substructures and that PE(II) served as an energy donor to PE(I) (Gng &
G1azer, 1991). This is the first rigorous demonstration of the simultaneous
occurrence of two phycoerythrins differing both in amino acid sequence and
bilin composition within the same phycobilisome.
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The spectroscopie properties of purified Synechococcus WH8103 PE(H)
and PE(I) also indicate that PE(II) functions as an excitation energy donor to
PE(I). PE(H) has Àmax at 492 and 565 nm and a fluorescence emission maxi-
mum at 565 nm, whereas PE(I) has "'max at 491 and 563 nm and a fluores-
cence emission maximum at 573 nm (Ong & Glazer, 1987).
Marine Synechocystis spp. Phycoerythrins
Another group of unicellular marine planktonic cyanobacteria, provisionally
assigned to the genus Synechocystis, has the highest ratios of PUB to PEB
known, as estimated from spectra of whole cell extracts (Waterbury &
Rippka, 1988). Marine Synechocystis spp. were first isolated off the coast of
Brazil in 1984. They are less abundant than the marine Synechococcus spp.
and were initially distinguished from them by their larger size, 2.5 ~m versus
0.6-1 ~m. These bacteria are capable of nitrogen fixation in the presence of
oxygen and exhibit a very narrow temperature range of 26-34°C permitting
growth.
The phycobiliproteins of Synechocystis sp. WH8501 have been examined
in detail (Swanson et al., 1991). This strain produces two phycoerythrins, one
in much larger amount than the other. However, in contrast to the situation
found in the Synechococcus strains described above, each of the WH8501
phycoerythrins carries fi ve bilins, two on the a subunit and three on the p sub-
unit. These bilin groups are at locations homologous to the bilin attachment
sites in the PE(I)-type phycoerythrins (Fig. 3). Analysis of purified bilin peptides
shows that PUB groups are present at four of the attachment sites. In each of
the two WH8501 phycoerythrins, the sole PEB group is attached at p-82.
Phycoerythrin-Associated Linker Polypeptides
Linker polypeptides of 27,000-33,000 daltons assemble the phycobiliproteins
into the trimeric, (aPh, and hexameric, (ap)6' disk-shaped building blocks of
the phycobilisome, determine the relative locations of these building blocks
within the phycobilisome, and tune the spectroscopie properties of the termi-
naI acceptor bilins within the trimers and hexamers (Glazer, 1989).
The red algal phycoerythrin-associated linker polypeptides (generally
designated as y subunits) carry PEB and PUB chromophores (Gantt & Lip-
schultz, 1974; Glazer & Hixson, 1977; Yu et al., 1981; Klotz & Glazer, 1985).
Characterization of the bilin peptides derived from the linker polypeptides of
Gastroclonium coulteri R-phycoerythrin indicated the presence of at least
two different linker polypeptides. Five distinct bilin peptides were isolated,
one of which carried PEB and the remainder PUB (Klotz & Glazer, 1985).
Spectroscopie analyses are consistent with the presence of one PEB and three
PUB per linker polypeptide.
The linker polypeptides associated with the C-phycoerythrins of freshwater
cyanobacteria do not have bilins. In contrast, those associated with the phyco-
erythrins of the marine unicellular Synechococcus spp. do carry bilins (Ong et
al., 1984; Ong & Glazer, 1988). Only very limited information on the structure
of these linker polypeptides is available. The sequence of the gene encoding the
32,100 dalton linker polypeptide of Synechococcus strain WH8020 PE(H) has
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been detennined and the polypeptide itself characterized (Wilbanks & Glazer,
1993b). This linker polypeptide cames a single PUB group on y-Cys-49. Model
building places this bilin centrally within the (o.~)6Y molecule, at or near the
interface of the two trimers (Wilbanks & G1azer 1993b).
Marine Synechococcus spp. Phycocyanins
The phycobilisomes of freshwater cyanobacteria contain C-phycocyanin
(j"max - 620 nm), a phycobiliprotein which carries three PCB chromophores
at 0.-84, ~-82, and ~-155 (G1azer 1976; G1azer & Fang 1973). In contrast, the
phycobilisomes of red algae frequently contain a homologous protein, R-phyco-
cyanin (Àmax 555, 618 nm; O'hEocha, 1965; Chapman etaI., 1967; Ducret et
al., 1994), with PCB at 0.-84 and ~-82, but PEB at ~-155 (G1azer & Hixson,
1975; Bryant et al., 1978).
Analysis of Synechococcus WH8103, WH8020, and WH7803 phycobili-
somes revealed that they contained a novel type of phycocyanin. This protein,
designated R-phycocyanin II, has absorbance maxima at 533,554, and 615 nm.
and carries PEB at 0.-84 and ~-155, and PCB at ~-84 (Ong & G1azer,1987,
1988; Ong et al., 1991; de Lorimier et al., 1993). Synechococcus WH7805
phycocyanin also carries two PEB and one PCB per o.~ (Ong & Glazer 1988).
However, the native protein has an unusual absorbance spectrum with a maxi-
mum at 555 nm and a shoulder at 590 nm and the attachment sites for the
bilins have not been determined.
Marine Synechocystis spp. Phycocyanin
The phycocyanin of Synechocystis WH850 1 cames a singly PUB on the a
subunit and two PCBs on the ~ subunit (Swanson et al., 1991). It is the only
phycocyanin known that carries a PUB chromophore. The sequences of the
WH8501 phycocyanin bilin peptides have been determined (Swanson et al.,
1991) and, in homology with other phycoerythrins, the PUB group is located
at 0.-84 and the two PCBs at ~-82 and ~-155. The native protein, isolated in
the (o.~h aggregation state, has absorbance maxima at 490 and 592 nm and an
emission maximum at 644 nm.
Marine Synechococcus spp. Phycobilisome core polypeptides
In these phycobilisomes, the quantitatively most abundant core protein, allo-
phycocyanin, carries only PCB chromophores (Ong & G1azer, 1988), as do
the other core polypeptides. The structure of the marine Synechococcus spp.
phycobilisome cores has not been investigated in detail.
SPECTROSCOPIC CONSEQUENCES
OF THE MOLECULAR ADAPTATIONS IN THE MARINE
UNICELLULAR CYANOBACTERIA
Comparison of the phycobilisomes of open ocean Synechococcus and
Synechocystis spp. with those of cyanobacteria isolated from freshwater or
soil reveals several features of the former which optimize their ability to
absorb blue-green light.
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The open ocean unicellular strains produce two phycoerythrins. Fewer
than half of the known the freshwater cyanobacteria produce phycoerythrin,
and those strains produce only one phycoerythrin.
• The major phycoerythrin in the marine Synechococcus strains carries six
bilins, whereas the phycoerythrins of freshwater cyanobacteria and red
algae carry only five bilins.
• The major phycoerythrin in the marine Synechococcus and Synechocystis
strains has a high phycourobilin content. Phycourobilin has a narrow
absorbance band centered at 490 nm with an extinction coefficient double
that of PEB and three times greater than that of PCB. There is excellent
complementarity between the absorbance spectrum of PUB and the wave-
lengths of maximum transmittance through seawater in the open ocean.
The phycoerythrins of freshwater cyanobacteria, with rare exceptions
(e.g., G/oeohacter violaceus; Bryant et al., 1981), do not carry PUB.
• In the marine Synechococcus and Synechocystis strains, the phycoerythrin-
associated Iinker polypeptides carry PUB and/or PEB, whereas those associ-
ated with the phycoeryrhrins of freshwater cyanobacreria do not carry bilins.
• The phycobilisomes of the marine Synechococcus strains contain R-phyco-
cyanin II, which carries two PEB and one PCB. Those of freshwater cyano-
bacteria contain C-phycocyanin, which carnes three PCB chromophores.
The cumulative effect of these molecular adaptations in the bilin composi-
tion of the rad components of the phycobilisome on the absorption of blue-
green light is illustrated in Fig. 4. This figure compares the protein and bilin
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Figure 4. Comparison of the phycobiliprotein compositions, bilin compositions and
contents, and molar extinction coefficients at 492 nm of the rad substructures of Ihe
phycobilisomes of freshwater Synechocyslis sp. PCC6701 and open ocean Syne-
chococcus sp. WH8103.
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composition and extinction coefficients at 492 nm of the rod substructures of
the phycobilisomes of the freshwater cyanobacterium Synechocystis sp.
PCC6701 and of the marine cyanobacterium Synechococcus sp. PCC8301.
Sufficient data are available on the relative amounts of the various proteins in
the phycobilisome rods of these organisms and on the spectroscopie proper-
ties of the native proteins to allow a quantitative comparison. At 492 nm, Syne-
chococcus sp. PCC8301 R-phycoerythrin II has an EM of 2.78 x 106 M-l cm- 1
per (aPky (Ong et al., 1984), whereas Synechocystis sp. PCC6701 C-phyco-
erythrin has a EM of 0.36 x 106 M-1cm- 1 per hexamer (Glazer & Hixson,
1975; Glazer, 1988), almost eight-fold lower. The rod structure shown in
Fig. 4 is that estimated for phycobilisomes isolated from ce11s cultured at 10w
daylight intensities « 20 microeinsteins per m-2 sec l). The spectroscopie
properties of these rods can be compared with those of the wel!-characterized
rod substructures of the C-phycoerythrin-containing phycobilisomes of the
freshwater unicellular cyanobacterium Synechocystis strain PCC6701 (Gingrich
et al., 1982a, b). The phycobilisomes of the marine Synechococcus sp.
WH8301 absorb sorne lO-fold more strongly at 492 nm than do those of
Synechocystis strain PCC6701 (Fig. 4).
ABSORBANCE OF BLUE-VIOLET LIGHT
BY PROCHLOROCOCCUS MAR/NUS STRAINS
As detailed above, the most important adaptation contributing to the effec-
tive use of blue-green light in the marine Synechococcus and Synechocystis
strains is a much increased content of PUB and PEB (and a decrease in PCB)
in their phycobiliproteins. A parallel adaptation in light harvesting pigment
composition is seen in the Prochlorococcus marinus strains where divinyl
chlorophylls a and b take the place of the monovinyl chlorophyll derivatives
seen in the freshwater prochlorophytes (Goericke & Repeta, 1992, 1993). The
visible short wavelength absorption maxima of the divinyl chlorophy11s are
shifted about 10 nm to the red relative to those the corresponding monovinyl
chlorophyl!s (Goericke & Repeta, 1992). The absorbance of divinyl chioro-
phyl! b is complementary to the spectrum of the light that penetrates into the
deep euphotic zone. Consistent with these spectroscopie properties, Goericke
& Repeta (1993) found that the ratio of divinyl chlorophy11 b/divinyl chioro-
phy11 a changes with depth at a station in the southem Sargasso Sea, ranging
from about 0.1 in the surface layer to 3.0 below the subsurface chlorophy11
maximum.
This change in ratio most likely reflects the pigment composition of dis-
tinct prochlorophyte strains that predominate at different depths in the water
column. As documented in Fig. 5, P. marinus SS 120 (also designated CCMP
1375), isolated at 120 meters from the Sargasso Sea, has a high divinyl chlo-
rophyll b/divinyl chlorophy11 a ratio whereas P. marinus MED4 (CCMP
1378), isolated from the surface of the Mediterranean Sea, has a low divinyl
chlorophyll b/divinyl chlorophyll a ratio (Moore et al., 1995). Note that the
contribution of divinyl chlorophyll b to the wavelength dependence of light
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Figure 5. In vivo whole cell chiorophyll a-specifie absorbance spectra {a*ph[m2(mg
chI a)-I] 1for Prochlorococcus marinus 88120, P. marinus MED4, and Synechococ-
eus WH8103. Data from Fig. II, Moore et al., 1995.
harvesting in P. marinus strains is similar to that of PUB to light harvesting in
the marine Synechococcus and Synechocystis strains (Fig. 5).
SIGNIFICANCE OF THE OCCURRENCE OF PHYCOERYTHRIN
IN SOME P. MARlNUS STRAINS
In 1996, Hess and coworkers showed that P. marinus SS12Ü (CCMP 1375)
possessed functional genes encoding the a and ~ subunits of a protein homo-
logous to the phycoerythrins of the marine Synechococcus spp. and carrying
phycourobilin as its major chromophore (Hess et al., 1996). The P. marinus
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phycoerythrin a subunit differed from its Syneehoeoeeus counterparts in
having a single bilin attachment site (instead of either two or three). Flow
cytometry data from the tropical Pacifie Ocean indicated that deep populations
of Proehloroeoeeus possess low levels of phycoerythrin (Hess et al., 1996).
Hess et al. (1996) suggested that the common ancestor of the unicellular
marine prochlorophytes and cyanobacteria contained phycobiliproteins. This
suggestion finds support in recent molecular phylogenetic analyses which are
consistent with a "a near simultaneous diversification of marine lineages with
divinyl chlorophyll band phycobilisomes as photosynthetic antennae (Ur-
bach et al., 1998)." Urbach et al. (1998) conclude that "while low divinyl
chlorophyll bl divinyl chlorophyll a ratio Proehloroeoeeus strains appear
similar due to descent from a common ancestor, phycoerythrin-containing
strains appear similar due to differential retention (or transfer) of phycoerythrin
genes among Proehloroeoeeus lineages."
Mechanistic considerations would suggest that differential retention is the
more likely of these possibilities. The levels of phycoerythrin per cell are low
(Hess et al., 1996). Consequently, the phycoerythrin makes a quantitatively
modest contribution to the light- harvesting capabilities of the cell. The low
level of phycoerythin and its absence from the majority of P. marinus strains
examined with a phycoerythrin gene probe wouId argue against a significant
role for this protein in nitrogen storage.
The light-harvesting divinyl chlorophyll a/b -proteins of P. marinus strains
serve as antennae for both photosystem II and photosystem 1(La Roche et al.,
1995; Partensky et al., 1997). These proteins are unrelated to the eukaryotic
chlorophyll a/b or chlorophyll ale light-harvesting proteins, but rather are
c10sely related to IsiA, a cyanobacterial chlorophyll a-binding protein
induced by nitrogen starvation, and to CP43 a constitutively expressed chlo-
rophyll a antenna protein of photosystem II (La Roche et al., 1996). It
appears plausible that ancestors of the prochlorophytes and cyanobacteria
possessed a light-harvesting apparatus with both chlorophyll a/b and phyco-
erythrin as light-harvesting components. Strains that gained the ability to pro-
duce high levels of divinyl chlorophyll alb proteins, with their enhanced
ability to harvest blue-violet light, have a distinct growth advantage over phy-
coerythrin-producing strains in the deep euphotic zone (Moore et al., 1995).
In such strains the phycoerythrin genes may weIl be superfluous. Prochloro-
phyte strains that still produce low levels of phycoerythrin may be evolution-
ary relicts.
Phycobiliprotein genes other than those encoding phycoerythrin have not
been found to date in the prochlorophytes. The exclusive presence of phyco-
erythrin is consistent with the hypothesis (G1azer & Wedemayer, 1995) that
the ancestral gene encoding the phycoerythrin Psubunit is the progenitor of
the gene family encoding the cyanobacterial, cryptomonad, and rhodophytan
biliprotein a and psubunits. That hypothesis would now extend to encompass
the origins of the prochlorophyte phycoerythrin.
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Prochlorococcus, the smallest known oxyphototrophic organism, has been
proven to be widely distributed in the euphotic zone of the tropical and sub-
tropical oceans (Chisholm et al., 1988, Goericke & Welschmeyer, 1993; Lin-
dell & Post, 1995; Liu et al., 1997). Although many investigations have been
made in the past decade, data from marginal seas are Iimited (OIson et al.,
1990; Vaulot et al., 1990, Shimada et al., 1995), and there has been no report
on Prochlorococcus in the East China Sea. Other picoplankton including Syne-
chococcus, and picoeukaryotes were also rarely touched in previous studies,
and there has been no report on simuitaneous observation on Prochlorococ-
eus, Synechococcus, and picoeukaryotes in the East China Sea. We report
here the flow cytometric analysis results about these groups of microorganisms
in the East China Sea in winter, 1997.
MATERIALS AND METHODS
The East China Sea, located on the west edge of the Northwest Pacifie
Ocean, is characterized by its large continental shelf and its diverse surround-
ings, such as the Yangtze River estuary in the west, the Kuroshio CUITent in
the east, and the Taiwan Strait Warm CUITent in the south. 34 stations at three
transects (1, 2 and 4) were investigated in January-March, 1997. Transect 1
(32°N, 122.2°E--32°N, 128°E) was located in the northern part of the sea
from the Yangtze River estuary to the northeastern region of the sea near
Bullelin de l'Institut océanographique, Monaco, nQ spécial 19 (1999) 435
PRODUCTIVITY
Japan. Transect 2 (28°N, 127.soE - 31.soN, 129°E) was situated on the Kuro-
shio CUITent along the western edge of the Pacifie Ocean and transect 4
(28°N, 127.soE - 31°N, 122.3°E) was set from the Yangtze River estuary
through the central and southeast edge of the sea (Fig. la).
Water samples were collected from 0, 10,20,30, SO and 7S m with a Niskin
bottle (Oceanic Co., USA). Samples for ftow cytometric analysis were fixed
with glutaraldehyde (final concentration: 0.12S%) and stored in liquid nitro-
gen for later analysis. A FACScan ftow cytometer (Becton-Dickinson) modi-
fied for high sensitivity (DusenbeITY & FrankIe, 1994) and equipped with a
quantitative pump injector (Harvard Apparatus) was used for routine analysis.
SYBR green 1 was applied as the DNA stain for bacteria enumeration
(Marie et al., 1997). The ftow cytometric data were collected by a Cicero
Processor and then analyzed with Cytopc (software Provided by D. Vaulot,
Station Biologique de Roscoff). Nutrient, temperature and salinity data were
obtained from the Chinese JGOFS project reports for the same cruise.
RESULTS AND DISCUSSION
Syneehoeoeeus was ubiquitously present in the East China Sea, but was
more abundant in the southern region than in the northern region of the sea
(Fig. 1b). Its abundance peaked in the southeastern region near the Kuroshio
CUITent (> 2 x 104 cell ml- 1) and gradually decreased towards the shores. The
lowest abundance « 2 x 103 cell ml- 1) occuITed at northwestern region
around SUOS and 106 where both salinity and temperature were low.
Proehloroeoeeus was present at SUIS, 412 and eastward in the East China
Sea (Fig. 1a, c). Cell concentrations ranged from 1 x 103 to S x 104 cell ml-l,
and increased in offshore directions and from north to south with the maxi-
mum of S.6 x 104 cell ml- 1 appearing at 30 m depth at St. 418 (Fig. 2). From
stations 202 and 413 to the southeast, Proehloroeoeeus began to surpass the
other two groups of autotrophs in abundance and numerically dominated in
the entire water column. Its abundance was 2-3 times of that of Syneehoeoe-
eus and S-7 times of that of picoeukaryotes (Fig. 2). GeneraUy seen, Proehlo-
roeoeeus was abundant in the Kuroshio CUITent, where temperature was high
and nutrients were low relatively. However, it was also found in waters with
mixing characteristics of the shelf water and the Kuroshio CUITent (e.g.
St. liS). Picoeukaryotes were present everywhere in the sea (Fig. Id). In the
northern part, they dominated throughout the whole investigation transect.
At transect 4, its abundance dominated from the coast until St. 412 where
Proehloroeoeeus began to present. In the outer sea along the Kuroshio CUITent
(transect 2), although the Proehloroeoeeus and Syneehoeoeeus cell concen-
trations were greater than that of picoeukaryotes in the southern region of the
cUITent, as one proceeded north, their abundance decreased rapidly. Pico-
eukaryotic cell numbers, however, remained about 6 x 103 cell rnI- 1 throughout
transect 2 (Fig. 2). In addition, the maximum abundance of picoeukaryotes
(2 x 104 cell ml-- 1) did not occur in the coastal areas as one expected but in the
central region of the sea around St. 411. This area is believed to be strongly
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tions (dashed lines indicate
isobaths, solid lines indicate
isotherms) and locations of
sampling stations (a), and
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of Synechococcus (b), Pro-
chlorococcus (c), and pico-
eukaryotes (d) in the East
China Sea, Winter, 1997.
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affected by the upweIling current of the subsurface Kuroshio water and
usually has high biomass levels (Fei, 1990).
In vertical profiles, aIl the investigated microorganisms were found in sam-
pIes coIlected from deeper than 75 m in the outer region of the sea but were
confined to shallower layer in the inner region. Except for the central shelf
waters, there were no obvious abundance peaks in the depth profiles (Fig. 2).
Cellular pigments for Prochlorococcus and picoeukaryotes had a tendency
to increase in offshore directions, that for Synechococcus, however, showed
no definite patterns (data not shown). Except for the outer part of the sea, no
typical peaks were found in the cellular pigment depth profiles for ail the
three autotrophs (data not shown).
As to the relationships among these three groups of microorganisms, when
Prochlorococcus presented, its cell abundance got a significant correlation
with that of Synechococcus (r2 = 0.93), positive relationship with that of
picoeukaryotes (r2 =0.44). No simple significant relationship between nutri-
ents and ceIl abundance was found for any of the three groups of picoplank-
ton, indicating the complexity of the ecological conditions in the East China
Sea. This could be attributed to the influences of the diverse physical sur-
roundings, such as the Yangtze River, the Kuroshio Current, etc., e.g. in the
estuary area, although nutrients levels were high. growth rates of biota were
not necessarily high due to high turbidity and low temperature. However,
within area where Prochlorococcus presented, we did find a positive relation-
ship between the ceIl abundance of Prochlorococcus and P:N (r2 = 0.52).
Among aIl the environmental factors analyzed, temperature appeared to be
the only significant one interpreting picoplankton distribution in winter in the
sea, especially for Prochlorococcus and Synechococcus (r2 = 0.45 and 0.39
respectively). In addition, the positive linear correlation between temperature
and the ratio of Prochlorococcus to Synechococcus was even more significant
(r2 = 0.58), suggesting that Prochlorococcus was more sensitive to tempera-
ture changes. This consisted with reported general spatial and temporal distri-
bution patterns of the two kinds of microorganisms from different regions
around the world. GeneraIly seen, Prochlorococcus and Synechococcus was
more abundant in high temperature waters, whereas picoeukaryotes were low
in cell abundance there.
Prochlorococcus, for the first time being widely investigated in the East
China Sea, somewhat surprised the authors by its wide distribution in the
shelf waters in winter. It not only dominated along the Kuroshio Current, but
also distributed far away from the current under conditions quite different
from its origin. This is in contrast to the situation in the northwestern Atlantic,
where Prochlorococcus are mainly confined to the Gulf Stream and further
south (OIson et al., 1990). Shimada et al. (1995) reported the appearance of
Prochlorococcus in Suruga Bay, Japan. They attributed this fact to a branch of
the Kuroshio Current flowing into the bay. Prochlorococcus have also been
found close to shore in the Gulf of Aqaba (Lindell & Post, 1995). These areas
are characterized by narrow and steep shelves and are affected significantly
by the adjacent open seas. The presence of Prochlorococcus in those waters
can be easily understood. However, Prochlorococcus have also been found in
areas that are clearly not oceanic in character in the western Mediterranean
438 Bulletin de l'Institut océanographique. Monaco. n° spécial 19 (1999)
DISTRIBUTION OF PICOPLANKTON IN THE EAST CHINA SEA
St. 412
St. 203
2 3 4 5
St. 207
• \
1 •
~
1 ~
1
• ~I
a
5 1 0.5 1.0
St. 202
St.411
234
St. 206
a
St. 201
6 a 5 10 a
St. 117
f
3
i
St. 418
234
St. 205
St. 116
a
2 a
Cell abundance
(106 cellimi for bacteria, 104 for the others)
05 1 05 1 a 1 2 05 1.0 1.500
a
-10 ~ t
-20 4
~ -30-5
.r::
-40 t-a.
al
0 -50
-60
-70
l~
-80
St. 115
a
a
-10
-20
~ -30
5
.r:: -40
a.
al
0 -50
-60
-70
-80
St. 415
a 2
a
-10
-20 U
~ -30 1 ~5
.r:: -40 ya.al -500 -60
-70
-80
St. 204
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Sea in winter (Vaulot et al., 1990), yet it is still hard to conclude now whether
it is also the case in the East China Sea. Because the former was oligotrophic
in winter with surface NO; concentrations of 0.1-3 M, whereas, the latter had
NO; concentrations range'd from 2 to 10 M, and had high biological produc-
tivity and complicated dynamics of the physical and chemical conditions in
winter (Zheng et al., 1991; Lu et al., 1991). Further inshore direction distribu-
tion in summer is expected based on the ecology of Prochlorococcus. Studies
on the relationship between environmental factors and the distribution of
Prochlorococcus are in progress.
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INTRODUCTION
Using a new spectrofluorometric assay method, sorne results are presented
showing the variations in the abundance and spectral characteristics of phyco-
erythrins and the interests in developing the caracterization of these pigments
in marine environments.
Phycobiliproteins are the major component of the light-harvesting appara-
tus in three main algal divisions: the Cyanobacteria, the Cryptophyceae and
the Rhodophyceae. Although the two last groups are quite uncommon in
marine environments, the cyanobacteria are widely distributed and can
account for a large part of the picoplanktonic biomass (Waterbury et al.,
1979,1986; Li et al., 1983; Itturiaga & Mitchell, 1986; Glover et al., 1986).
The distribution of these prokaryotes is better known as a result of the appli-
cation of flow cytometry (Wood et al., 1985; OIson et al., 1988, 1990; Li &
Wood, 1988) but their pigment characteristics in natural environments have
been less documented (Alberte et al., 1984; Algarra et al., 1988; Glover et al.,
1988; Campbell & Itturiaga, 1988; Vernet et al., 1990; Lantoine, 1995; Lan-
toine et Neveux, 1993,1997; Shalapenok & Shalapenock, 1997; Neveux et
al., 1999). We have developed a simple and rapid spectrofluorometric method
to quantify phycoerythrins (PEs). It is based on the measurement of the area
below their fluorescence excitation spectra (Lantoine & Neveux, 1997). In
contrast to other methods which used measurements at fixed wavelengths
(Moreth & Yentsch, 1970; Stewart & Farmer, 1984; Algarra et al., 1988;
Wyman, 1992) this method takes partly into account the spectral diversity of
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these pigments. We apply this method to the study of seasonal variations of PEs
in several oceanic regions (Northeastern tropical Atlantic, Southern tropical
and Equatorial Pacifie, Mediterranean Sea) characterized by various trophic
status. The aim of this paper is to illustrate the interests in studying PE char-
acteristics using both qualitative and quantitative methods.
RESULTS
By qualitative methods, phycobiliproteins can be simply classified into
two categories of pigments: the red Phycoerythrins and the blue Phyco-
cyanins (PCs) and allophycocyanin (APC). As a first approach our results
confirm that PEs are the most common and abundant phycobiliproteins in
marine environments. These pigments were nearly always associated with
cyanobacteria (Synechococcus spp.), but sometimes, we observed the pres-
ence of Cryptophyceae-PEs in the upper part of the water column at coastal
stations (Atlantic Ocean: Eumeli 4 cmise, Lantoine & Neveux, 1997). Phyco-
cyanins were Iimited to coastal environments and found in coastal areas of the
Mediterranean Sea in Synechocystis spp., when desalination events occurred.
PEs can be characterized by the nature, the number and the respective proportions
of their two chromophores: phycourobilin (PUB, max absorption at 495 nm)
and phycoerythrobilin (PEB, max absorption at 545 nm). GeneraIly, we
observed that the PUB/PEB ratio increases with the depth and with the dis-
tance from the coast indicating an increase in the proportion of the PUB
chromophore. For example, in the tropical Atlantic ocean (EUMELI 5 cmise),
samples were taken at three different trophic sites along a transect from the
Mauritanian coast to the open ocean waters (Fig. 1). At the eutrophie site
(Mauritanian upwelling) the PUB/PEB ratio was around 0.56 and homogene-
ously distributed in the photic zone. At the mesotrophic site, it increased from
0.59 at the surface to 1.20 at 75 m, and at the oligotrophic site it reached a
high value of around 2 through aIl the water column. Off-shore oligotrophic
sites were generally characterized by a great stability in the abundance and
composition of populations with high PUB-PE through aIl the water column
and the seasons (Lantoine & Neveux, 1997). Mesotrophic and coastal
eutrophie sites were generally characterized by the dominance of high PEB-
PE but showed more geographical and seasonal variabilities. Thus in the
Mediterranean Sea, a regular monthly sampling during two years at three sta-
tions on a coastal to off-shore transect in the Gulf of Lions (Lantoine &
Neveux, in prep.) showed that this general pattern was complicated by sea-
sonal variations in the abundance and spectral characteristics of the PEso
Although the open sea station (30 nautical miles from the coast) exhibited
high PUB-PE throughout the year, the coastal stations showed an increase in
the PEB-PE content in winter and spring (Lantoine, 1995). These spatial and
temporal variations in the PUB/PEB ratio have not yet been clearly explained.
These differences could be the result of a photoacclimatation process, as high
PUB seems more advantageous in the lower part of the water column where
only blue light is present (Alberte et al., 1984; Ong et al., 1984; Wood, 1985).
However, it is more likely a result of genetic diversity among the cyanobacte-
rial populations as shown by molecular techniques (Campbell & Carpenter,
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Figure 1. Phycoerythrins excitation spectra O"em = 565 nm) observed during the
EUMELI 5 croise (December 1992) at 3 sites in the northeastem tropical Atlantic
Ocean. Stations have been chosen for their different nutrient status from the permanent
Mauritanian coastal upwel1ing (eutrophie site) to the open ocean (oligotrophic site).
1987; Wood & Townsend, 1990; Palenik, 1994). In this case, these variations
in pigment composition would reflect successions in the cyanobacterial com-
position of the phytoplankton communities related to changes in environmen-
tal conditions. More recently in the Pacifie Ocean, we clearly demonstrated
the existence of two new spectral types of PEs (Neveux et al., in press). The first
is a high PUB-PE with two fluorescence excitation peaks at 494 and 564 nm.
This PE was found in 2-3 !lm non-motile round cells cIearly observed by flow
cytometry. These cells, which are probably cyanobacteria, were larger than
any known Synechococcus and were only present in the upper layer at one
oligotrophic station. The second PE was limited to only few samples and was
a high PEB-PE with two fluorescence peaks at 496 nm and 536 nm. The
organisms that contain this PE have not been identified. Recently it has been
shown that Prochlorococcus can synthetise PE in very low Iight conditions
(Hess et al., 1996). AlI these results show that the diversity of PEs in oceanic
waters is c1early more important than previously assumed.
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By quantitative methods, PEs can be used as specifie biomass markers of
the Cyanobacteria and Cryptophyceae, just as chlorophylls have been used as
markers of the global phytoplankton biomass since more than 50 years. The
PE concentrations range from less than 0.01 Ilg.l- 1 to more than 2 Ilg.l- J• The
highest concentrations were generally found in the upper water column of
eutrophie and mesotrophic sites or in deep PE maxima of oligotrophic waters.
In the Mediterranean sea, in addition to changes in the spectral characteristics
of the PEs (see above), we observed clear seasonal variations in the abundance
of these pigment at al! stations. At the off-shore station, low « 0.03 Ilg.l- 1) but
homogeneous PE concentrations prevailed throughout the water column in
winter, followed by three periods of relatively high abundance (> 0.2 Ilg.I-1)
(Fig. 2). The first abundance maximum was observed in early-spring (April
92, March 93) with high PE concentrations in the upper part of the water
column (5-10 m). The second and third maxima were observed respectively at
the end of spring (June 91, May-June 92) and in summer-fall (September 91,
August-September 92), when physical stratification of the water column
occurred. This stratification led to the formation of clear deep PE maxima (50-
80 m). These seasonal changes in the PE concentrations were clearly corre-
lated to Synechococcus abundance variations (data not shown) and to the pho-
toacclimation processes of the cells. Photoacclimation processes were
observed everywhere in the oligotrophic stratified waters. For example, 100k-
ing at PE concentrations and f10w cytometric counting of one station in the
Pacifie Ocean (Fig. 3a), we noted that Synechococcus cells were homogene-
ously distributed in the upper part of the water column (down to 60 m)
whereas the PE concentration exhibited a sharp subsurface maxima (60-75 m).
These different vertical profiles indicate an increase in the PE concentration
per cell (2 to 36 fg) with depth (Fig. 3b). This increase was confirmed by the
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Figure 2. Seasonal variations in phycoerythrin concentration (~g.l-I) at one off-
shore station in the Gulf of Lions (Mediterranean Sea). Sampling was repeated
every month from March 1991 to March 1993.
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Figure 3. a. Depth profiles of Synechococcus (cells/ml) and phycoerythrin concen-
trations (lJ.g/I); b. Depth profiles of phycoerythrin concentration per Synechococcus
cell (fg/cell) and orange cell fluorescence (relative unit). Station 13 sampled during
OLIPAC cruise (November 1994) in the Equatorial Pacifie Ocean.
amount of orange fluorescence from each cell observed by flow cytometry,
which is an indication of the intracellular PE concentration (emission 565-
570 nm). This shows a clear quantitative photoacclimatation process of these
organisms to the decreasing light intensity. Similar photoacclimatation proc-
esses have been found in the Atlantic Ocean and Mediterranean Sea. These
few examples confirm the utility of using PE concentrations as a marker for
cyanobacterial abundance and photoacclimatation processes through the use
of our assay method in addition to flow cytometry counting.
CONCLUSION
Investigation of PE concentration and characteristics is useful in ecological
studies and offers a varying array of perspectives. Considering the interest of
assaying the abundance of different components of the PE-containing phyto-
plankton (Cyanobacteria. Cryptophyceae). these results are especially prom-
ising because new sensors enable us to estimate the phycobiliprotein
distribution via satellite imagery (Kahru et al., 1993; Hakansson & Moberg,
1994). In the future it will be possible to estimate cyanobacterial distribution
on large scale using these satellite sensors. Thus. these pictures could be val-
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idated by field mesurements of these pigments. This first approach has shown
that the diversity of these pigments is worthy of study. Using the pigment
characteristics it was possible to identify a wide biodiversity in their spatial
(horizontal and vertical) and seasonal distributions. It was thus possible to
characterize new unknown species of cyanobacteria. Many aspects of the dis-
tribution of these pigments remain unclear. Besides their primary role in light
harvesting, PEs could serve as a storage of nitrogen (Barlow & Albert, 1985;
Wyman et al., 1985; Kana & Glibert, 1987). Trichodesmium is an important
genera of bloom-forming filamentous cyanobacteria, which are able to fix
dinitrogen (Carpenter, 1973). They are an important participant in the nitro-
gen cycle of the ocean (Capone et al., 1997) but are difficult to quantify. Their
specific PEs can be distinguished from Synechococcus spp. (Shimura &
Fujita, 1975; Fujita & Shimura, 1974) and could be used easily to estimate
their abundance and distribution. In addition to the characterization of these
pigments in natural environment, it will be useful to work on laboratory cul-
tures. For example it will be necessary to clarify the effects of environmental
factors (light, nutrients) on the pigments metabolism (composition, abun-
dance, adaptation) considering the genetic diversity of these organisms. The
low concentrations of these pigments and there solubility in water buffer
make it difficult to assay them using standard High Pressure Liquid Chroma-
tography methods. This probably explains why no method for field PE assays
have been developed using this technique. Because of its high sensitivity and
quickness, spectrofluorometry is promising for the study of these pigments.
This method is not perfect, because of the huge diversity in PEs composition
and the lack of information about their specifie extinction coefficient, but it is
a first approach. Further progress in the spectrofluorometric analysis of PEs
could be achieved by using three-dimensional spectral analyses and new
extraction buffers such as glycerol (Wyman, 1992). Application of such methods
will be useful in the determination of the structure and functioning of the oceanic
ecosystems.
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INTRODUCTION
As part of JGOFS program, the French cruise FLUPAC was undertaken in
the west part of the equatorial Pacifie in October 1994. During a 7-day time-
series at OOS 150oW, abundances of the major phytoplankton groups were
observed using ftow-cytometry. Diel variations in cell abundance were inter-
preted in terms of cell division and grazing. A simple model was developed to
estimate division and grazing rates of the picophytoplanktonic groups. For-
ward scattered light (FS) variations were related to changes in cell volume.
This led to an estimation of mean cell size and carbon content for all groups
of picophytoplankton. Using these results, an estimate of primary production
was made and compared to 14C measurements.
MATERIAL AND METHODS
Water samples were collected by hydrocast performed 6 times a day. 12-L
Niskin bottles were used to collect water for nutrients and pigment analysis at
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12 depths between 0 and 150 m. Picoplankton cells were counted by flow-
cytometry each day for the 3, Il, 19 and 23 h (local time) hydrocasts. Flow
cytometric measurements were perforrned within two hours after sampling
with a FACScan flow cytometer (Becton-Dickinson) as reported in Blanchot
& Rodier (1996). Pigment analysis were performed immediately after sam-
pling following Neveux & Lantoine (1993). Primary productivity (I4C) was
determined using in situ incubations by classical method and Let Go (Dan-
donneau & Le Bouteiller, 1992). Incubations were started at dawn and were
retrieved after 6 or 12h.
RESULTS AND DISCUSSION
Water column density was homogeneous from the surface to 60 fi. In this
layer, nitrate concentrations were on the order of 3 IlM, while chlorophyll
concentrations generally fell between 0.3-0.4 /lg.l-I. These relatively low
nitrate concentrations were slightly lower than normal due to an inhibition of
the equatorial upwelling by tropical wave activity (Stoens et al., 1999). The
size structure of chlorophyll a was nearly constant in the mixed layer. On
average, plankton < 3 /lm in size (observed with the flow-cytometer)
accounted for 70% of the total phytoplankton. Prochlorococcus were about
twenty times more abundant than Synechococcus and picoeukaryotes. Cells
of the three groups were homogeneously distributed in the mixed layer with
typical abundances of 1.4 ± 0.3 105 Prochlorococcus.ml- 1, 8.5 ± 1.8 103
Synechococcus.ml- 1 and 6.0 ± 0.8103 picoeukaryotes.ml-1. These concentra-
tions were similar to those measured in the equatorial upwelling region under
El Nino conditions (e.g. Landry et al., 1996).
The abundances of each cell phytoplankton group exhibited a marked diel
cycle within the mixed layer. Maximum cell abundances of Prochlorococcus,
picoeukaryotes and Synechococcus were generally recorded at 23, 3 and 19 h
and minimum cell abundances at Il, 19 and Il h, respectively (Fig. 1). For all
three groups, the general tendencies in the FS (a proxy for the mean size of an
algal group) variations are inversely related to the cell abundance (Fig. 1).
Variations in both the cell abundances and the mean size of each algal group
corresponded to that expected of a population with synchronized cell division
(Blanchot et al., 1997; Vaulot & Marie, 1999). Each day, the mean cell size
increased during the daylight hours and decreased when the cells divided at
night. The decreases in cell numbers outside the division period were
assumed to be due to grazing mortality.
Assuming that only grazing and cell division were responsible for varia-
tions in abundance, a simple model was developed to estimate growth (Il) and
grazing rates (g) (André et al., 1999). In this model, the cell number, N(t),
varies over a time step, dt, by dN (t) according to: dN(t) =[/ld (t) + g(t)] N(t) dt.
The instantaneous division rate (/ld) was assigned a gaussian shape and during
a diel cycle grazing was assumed to proceed at a constant rate. Predicted cell
numbers were fitted to the measured ones using a least square regression pro-
cedure. In the mixed layer, estimated division rates for Prochlorococcus,
picoeukaryotes and Synechococcus averaged 0.53 (± 0.18), 0.42 (± 0.13) and
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Figure 1. Fluctuations in œil abundances and FS within the mixed layer (mean 0-40 m) at the time-series station.
The shaded areas mark the night periods (from 18:00 to 06:00 LT).
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0.57 (± 0.18) d- I , respectively. The mean estimated grazing rates were 0.58
(± 0.16) d-I, 0.46 (± 0.17) d- l and 0.63 (± 0.16) d-I, respectively. These rates
confirmed the close balance between growth and grazing for each group over
diel time intervals in the equatorial Pacifie (Fig. 2). The estimated rates signifi-
cantly varied from day to day during the time-series (Fig. 2).
As FS is proportional to (cell volumey\ we can write ln (FSmaJFSmin) =
Cql). This leads to the calculation of a as 1.68. This estimated value of a is
consistent with that in Chisholm (1992), Binder et al. (1996) and Blanchot et
al. (1997). Assuming that the populations and the standard beads obey the
same law, the mean size of Prochlorococcus, picoeukaryotes and Synecho-
Il (d-') 9 (d-1)
1.0 r--~~-~-~----'-----,1.0
0.5 1 0.5
Prochlorococcus
65432
0.0 ~-~~-~-----'-------'-------'0.0
1.0 1.0
0.5~ 0.5"." /". :" ·······6!> - "'0__ '/
. ,
Picoeukaryotes
0.0 0.0
2 3 4 5 6
1.0 1.0
/0......
"1","
D······..
0.5 0.5
Synechococcus
0.0 0.0
2 3 4 5 6
Day
Figure 2. Mean estimates (0-40 m) of growth rate (Il, d- I , filled symbols) and grazing
mortality (g, d-I, open symbols) at the time-series station.
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coccus were estimated from FS signal to be 0.7, 2 and 1.0 /lm, respectively.
These values are in the range of published values (Chisholm et al., 1988;
Campbell et al., 1994; Morel et al., 1993). Using the conversion factors of
Verity et al. (1992), the cell carbon contents (Cc) were predicted to be 84,
1490 and 246 fgC ceIl-l, respectively. Over a depth range of 0-100 m, inte-
grated picophytoplanktonic carbon biomass (1.8 gC m-2) was mainIy due to
Prochlorococcus (52%) and picoeukaryotes (40%) while Synechococcus
(mainly restricted in the mixed layer) contributed for only 8%. The biomass
estimate for Prochlorococcus was confirmed by the ratio of divinyl-chloro-
phyll a (e.g. Goericke & Welschmeyer, 1993) to total picophytoplankton
chlorophyll (- 58%). Based on our estimates of growth rate and carbon cell
contents, net and gross particulate primary production were computed for
each algal group and for the whole picophytoplankton. The 0-100 m inte-
grated picophytoplanktonic production was mainly due to Prochlorococcus
(57%) and picoeukaryotes (33%), while Synechococcus only contributed a
small fraction (10%). The picophytoplanktonic production measured with 14C
technique was intermediate between the predicted net and gross productions
(Table 1).
Table I. Predicted daytime net community production, daily gross production
for the three algal groups and for the whole picophytoplankton;
measured picophytoplankton 14C assimilation. Values are average integrals
(0-100 m) for the time-series station, in gC m-2 d- I .
0-100 integrated productions (gc.m-2 d-I)
Prochlorococcus Picoeukaryotes Synechococcus Picophytoplankton Picoplankton
net gross net gross net gross net gross 14C
0.43 1 0.78 0.25 1 0.44 0.08 1 0.13 0.76
1
1.34 l.l
CONCLUSION
Diel variations in abundance of oceanic picoplankters showed the useful-
ness of fiow-cytometry measurements for the study of plankton community
dynamics in oceanic regimes, such as the equatorial Pacifie, where synchro-
nized cell division is the mIe.
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ABSTRACT
Photosynthetic prokaryotes evolving oxygen are a major component of
oceanic ecosystems. The diversity ofthese micro-organisms in the picoplank-
tonie fraction of open oceans appears to be very limited, since they are repre-
sented almost exclusively by two genera : Synechococcus and Prochlorococcus.
Synechococcus is virtually ubiquitous in all marine environments with
concentrations ranging from 5 x 102 to 1.5 X 106 cell ml- I (or 0.01 to> 1.3
x 109 cells per cm-2). It is much more abundant in nutrient-rich than in oligo-
trophic areas and its distribution is generally restricted to the upper weil-lit
layer. Synechococcus has also been reported at fairly high abundances from
environments with low salinities and (or) low temperatures. In contrast,
Prochlorococcus appears to be less ubiquitous. Although it is by far the most
abundant group in the central oligotrophic part of oceans, with concentrations
of 1-4105 cell ml- 1 (or 1 to 4109 cells per cm-2), cell numbers drop dramati-
cally at latitudes higher than 45"N. Moreover, this organism is generally
absent from brackish or well-mixed waters. Nevertheless, it is not strictly
restricted to oligotrophic areas, but can be found in mesotrophic conditions as
weil. In the Equatorial Pacifie, for instance, there are no drastic changes of
Prochlorococcus abundance between the oligotrophic warm pool and the
high nutrient-Iow chlorophyll (HNLC) areas. Another peculiarity of this
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organism is its ability to colonize the water column down to depths of 150-
200 m, which are reached by less than 0.1 % of the surface irradiance.
Thus, although Synechococcus and Prochlorococcus often co-occur, they
have different types of adaptation with regard to biogeochemical conditions.
Recent literature provides some dues about the biological and genetic bases
of these differential behaviours. In terms of carbon biomass, Prochlorococcus,
despite its narrower geographical distribution, seems to be more important
than Synechococcus on a global scale since it is ca. 100 times more abundant
(i.e. account for about 22 times more C) in warm oligotrophic areas, which
correspond to a major part of the world ocean. An estimation of their relative
contributions to the carbon biomass in the northem Atlantic ocean is proposed.
INTRODUCTION
In less than twenty years, the view of the community structure of oceanic
phytoplankton has drastically changed. Apart from the premonitory work of
Wauthy et al. (1967) and a few incidental reports on small-sized cells (Stock-
ner, 1988), the central parts of the oceans were generally considered as being
biological deserts only inhabited by very scarce phytoplanktonic cells. The
generalized use of epifluorescence microscopy and later, flow cytometry
demonstrated the huge abundance and the ubiquitous distribution of coccoid
photosynthetic prokaryotes. The first organism ofthis kind to be detected was
the cyanobacterium Synechococcus, which is easily distinguishable by fluo-
rescence techniques due to the intense orange fluorescence emitted by its
phycoerythrin under blue light (Waterbury et al., 1979; Murphy & Haugen,
1985; OIson et al., 1988). The second was Prochlorococcus, which differs
from Synechococcus by virtue of its smaller size and very low or lack of orange
fluorescence (Chisholm et al., 1988, 1992; Hess et al., 1996). Surprisingly,
with the exception of Trichodesmium (Carpenter et al., 1993) which does not
belong to the picoplankton, the diversity of picoplanktonic prokaryotes in
oceanic ecosystems is almost exclusively limited to these two genera. Few
other free-living photosynthetic oceanic prokaryotes of ecological signifi-
cance have been reported to date, even at a local scale. These include phyco-
cyanin-rich Synechococcus found in estuarine and coastal areas (see e.g.
Shimada et al., 1995) and potentially nitrogen-fixing Gloeocapsa-like cells
observed in the North Atlantic Ocean by Johnson & Sieburth (1979) using
electron microscopy. AIso, Neveux et al. (1999) observed in the subtropical
Pacific Ocean some non-motile round cells, about 2-3 Ilm in size, containing
an unusual phycoerythrin. These are possibly the same micro-organisms as
those observed previously by flow cytometry by Ishizaka et al. (1994) in the
central north Pacific and Campbell et al. (1997) at station Aloha, and that
were tentatively identified as Synechocystis.
Because of its rapidity and sensitivity, f10w cytometry proved a very useful
instrument for the study of photosynthetic prokaryotes. In the past ten years,
the number of biological oceanographers using flow cytometry to study
marine picophytoplankton has increased tremendously and a large amount of
data has been collected on picoplankton abundance. The greatest set of data
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concerns the inter-tropical area. Nevertheless, sorne data are available up to
600N (Buck et al., 1996). A decade after the discovery of Prochlorococcus,
the aim of the present paper is mainly to review the recent literature on the
distribution of Synechococcus and Prochlorococcus. We tried to determine
sorne global patterns and draw sorne general considerations on physico-
chemical and biological factors which regulate their respective abundance.
This will complement previous extensive reviews on various aspects of Syne-
chococcus ecology, biology and physiology (e.g. Glover, 1985; Stockner &
Antia, 1986; Waterbury et al., 1986; Stockner, 1988; Carr & Mann, 1994) and
reviews on "prochlorophytes" which included a few preliminary data on
Prochlorococcus (Bullerjahn & Post, 1993; Matthijs etaI., 1994).
DISTRIBUTION PATTERNS
Descriptions of the community structures of picophytoplankton and ancil-
lary parameters have been published for the Atlantic, Pacific (including the
Tuamotu archipelago) and Indian oceans as weil as for the Red and Mediter-
ranean seas. Most reports concern tropical oceanographie cruises, with
transects and times series. In a few cases, temporal studies have been made
such as at station OFP off Bermuda (Oison et al.. 1990a), three stations off
the Mauritanian coast (Partensky et al., 1996) or the several year-Iong survey
at Aloha station, in the north Pacific central gyre (Campbell et al., 1997). The
rapid analysis of this extensive literature demonstrates unambiguously that
Prochlorococcus is often much more abundant than Synechococcus in areas
where they co-occur. The most notable exceptions are areas seasonally or per-
manently enriched with nutrients by strong upwellings and (or) coastal
inputs. The highest concentrations of Synechococcus have been reported in
the euphotic zone at the Costa Rica Dome (1.5 x 106 cell ml- I ; Li et al.,
1983), in the upwelling area off the Mauritanian coast (4 x 105 cell ml- I ;
Partensky et al., 1996), along the coast of Arabia (3.7 x 105 cell ml-l,
Gradinger et al., 1992,4.5 x 105 cell ml- I ; Burkill et al., 1993) and in coral
reef water lagoon water of the Haraiki atoll (3.7 x 105 cell ml- I ; Charpy &
Blanchot, 1998). Synechococcus is always present in nutrient-depleted areas
such as the central gyres of Atlantic and Pacifie oceans but at very 10w abun-
dance (ca. 1-4 103 cell ml- J or 1.3-8.5 107 cell cm-2; Oison et al., 1990b,
Blanchot et al., 1992, Campbell & Vaulot, 1993; Li, 1995; Blanchot &
Rodier, 1996). Its distribution also extends to 10w salinity environments
(down to 12%0; Jochem, 1988; Vaulot & Ning Xiuren, 1988). Moreover, Syne-
chococcus appears to be an eurytherm organism, since it has been reported to
bloom at temperatures down to 6-8°C (Waterbury et al., 1986; Neuer, 1992)
and to be abundant even at 2°C (Shapiro & Haugen, 1988), although it was
almost absent in the Arctic in low salinity polar waters at -1.5°C (Gradinger
& Lenz, 1989). Nevertheless, the thermal preferendum of Synechococcus is
in general significantly higher, even for species from cool areas, since it pref-
erentially thrives during the summer months in the Baltic Sea (Jochem,
1988). Similarly, Hall and Vincent (1990) showed that concentrations
increased from cool coastal (1 OA°C) to warmer offshore waters (> \30C) of
South Island (New Zealand) as long as the nitrates concentration was higher
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than 3 /lM. On another hand, it is in winter that Synechococcus abundance
peaks are observed in subtropical areas like Bermuda (OIson et al., 1990a)
and off Hawaii (Campbell et al., 1997), but in both cases, seawater temperature
was above 19°C.
In contrast to Synechococcus, Prochlorococcus occurs at abundances
exceeding 105 cells per ml throughout much of its distribution area. Record
abundances (4.4 x 105 cell ml-l, Blanchot unpublished data) of Prochloro-
coccus have been observed in the western equatorial Pacifie, slightly above
the nitracline. In coral atolllagoons, high concentrations (2.8 x 105 cell ml- 1)
have been observed in the Hiti atoll (Charpy & Blanchot, 1998). At last, a
record of integrated concentration of Prochlorococcus (4.1 X 109 cells cm-2)
has also been observed in a downwelling structure at 14°S-165°E, during an
El Nino year (1992), where abundances of over 3 x 105 cell ml- 1 were observed
on a 60 m thick layer above the nitracline (Blanchot & Rodier, 1996). Inte-
grated Prochlorococcus concentrations in tropical, oligotrophic areas typi-
cally stand around 1-2.5 x 109 cell cm-2 (Campbell & Vaulot, 1993; Partensky
et al., 1996). In contrast to that of Synechococcus, Prochlorococcus distribu-
tion seems to be limited by low temperatures. Although Prochlorococcus
cells have been detected to latitudes as high as 600 N in the North Atlantic at a
temperature of 1O.2°C, Buck et al. (1996) noted that maximum concentra-
tions decreased fairly regularly from 3.5 105 cells ml- 1 at 15°N down to
5.3 104 cells ml- 1 at 500 N and then dropped dramatically above this latitude.
Another limiting factor appears to be the stability of the water column. Lindell
& Post (1995) observed that deep mixing in winter in the Red Sea prevented
Prochlorococcus growth. Similarly, in the northwestem Mediterranean Sea,
the stability of the water column seems to be a prerequisite for Prochlorococ-
cus bloom development (Bustillos-Guzman et al., 1995). Prochlorococcus is
in general absent from eutrophie areas and (or) low salinity waters, with the
notable exception of the Mediterranean Sea, where a few cells were observed
in the Rhône river outftow (Vaulot et al., 1990). Although Prochlorococcus is
the dominant genus in oligotrophic areas, its distribution extends to warm
mesotrophic, stratified areas (i.e. waters with a detectable level of nutrients in
the upper layer), such as the equatorial Pacifie, with only small changes of
abundance. This apparent insensibility toward nutrients appears clearly on
Fig. 1, which illustrates the variations of integrated concentrations of
Prochlorococcus and Synechococcus and inorganic forms of nitrogen in sur-
face, along a transect in the equatorial Pacifie between the "warm pool" (West
of the date line) and high nutrient-Iow chlorophyll (HNLC) waters (from the
date line to the Galapagos archipelago). In contrast, there was a tremendous
increase in Synechococcus integrated abundance in the transition zone, which
was clearly concomitant with the raise in N03 + N02 concentrations.
Because of their ubiquity and abundance, both Prochlorococcus and Syne-
chococcus appear to play a significant ecological role in the biomass and pro-
duction of oceans. However, the relative importance of these two micro-
organisms on a global scale is still poorly assessed. This results from histori-
cal facts : for almost ten years, Synechococcus was thought to be the only
photosynthetic organism smaller than 1 /lm and this has sometimes led to
overestimate its contribution when it was estimated by such methods as size
460 Bulletin de l'Institut océanographique, Monaco, n° spécial 19 (1999)
PROCHLOROCOCCUS AND SYNECHOCOCCUS IN OCEANlC WATERS: A REVIEW
~
~
<:
o
.~
ë
Q)
u
<:
o
u
d"
z
+
0'"
Z
0.1
0.01
1700 W
Longitude
0.5
1.0
1
"'IJ~. .
/ 1 \
,•••' 1 '.
.: 1 \
.: 1 \ ,','••••••••
.... 1 •••••' '"
Syn (x1 0) ,,/ r-~
•..":../ / N03 + N02
,,",:...../--, /
....,... \... v
0.0 1
1700 E
~
<:
o
~
ë
Q)
u
<:
8
Qi
o
Of'E 1.5
!!l
Qi
o
'"
'0
Figure 1. Integrated concentrations of Prochlorococcus and Synechococcus and
concentration of nitrate and nitrite in surface, along a transect in the equatorial
Pacifie between the warm pool (l65°E) and HNLC waters (l500 W). Data were
collected during the FLUPAC cruise. held during fall 1994 (Blanchot, unpublished
data; nutrient data are from Eldin et al. 1997).
fractionation. With the discovery of Prochlorococcus, the previous picture
has changed as it has become obvious that Prochlorococcus may be 100 times
denser and account for ca. 22 times more carbon than Synechococcus in oli-
gotrophic areas. However, considering that Synechococcus is still more
important than Prochlorococcus in terms of biomass in meso- and eutrophie
areas, the picture of the relative contribution of these two prokaryotes to
global carbon is unclear. Using typical integrated concentrations for different
well-defined zones, the area of these zones, and assuming an average carbon
content per cell of 53 fg for Prochlorococcus and 250 fg for Synechococcus
(Campbell et al., 1994), it is theoretically possible to roughly compute global
carbon stocks for each of these two prokaryotes. In practice however, many
areas of the world ocean either have been little studied (e.g. the south parts of
Atlantic or Indian oceans) or are too variable (e.g. the equatorial Pacifie) to
make such simple estimations. Therefore, we have tried to make a prelimi-
nary estimate of the contribution of Prochlorococcus and Synechococcus to
carbon in the N Atlantic (0-600 N) for which usable integrated values are
available through recent literature (see Table 1). Most of our computation was
based on integrated values reported for a S-N transect by Buck et al. (1996),
but we have checked that they were in the same range as data from other
authors, such as those obtained during a transatlantic transect by Li (1995).
Results of the computation suggest that, in summer, Prochlorococcus
accounts for ca. 3/4 of the picophytoprokaryotic carbon between 0° and
60o N. The relative contribution of Synechococcus is far from negligible and
would be even higher in winter, when it dominates the subtropical and tem-
perate zones. It seems to be much higher than intuitively suggested by a rapid
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Table 1. Computation of the relative contributions of Prochlorococcus and Synechococcus
to the carbon of the North Atlantic ocean in summer.
Areas Proc Syn Biomass
Area of North (x 104 km2) (x 1011 cells/m2) (x 1011 cells/m2) (Mt Clzone) References used for integrated
Atlantic concentrations
Oligo Meso Eu Meso Olîgo Eu+Meso Oligo Proc Syn
EquatoriaIOo-5°N 307 39 10 125 208 17.6 5.20 3,81 0.62 Buck et al. (] 996)
TropicaI5°N-25°N 1,340 ISO 29 48 187 64.0 6.25 14,8 4,97 id for Oligo/ Partensky et al. (1996) for Meso
Subtropical 25°N-40oN 997 134 7 138 138 4.30 4.30 8,3 1,22 Buck et al. (1996)
40DN-45 DN 33 244 2 74 74 6.66 6.66 1,1 0,46 id.
45 DN-50DN 0 226 8 37 na 12.8 na 0.44 0,75 id.
50DN-55 DN 0 190 26 9.3 na 12.6 na 0,09 0.68 id.
55°N-60DN 0 236 43 1.0 na 16.0 na 0,01 l, Il id.
TotaIO°·60oN 2,680 1,220 125 28,5 9,82
Conversion coefficients were 53 and 250 fg C / cell, respectively. In the equatorial and tropical zones, we used different values for integrated concentra-
tions in the oligotrophic zone (Oligo : Chi < 0.2 mg.m-3), and the mesotrophic (Meso : 0.2 < Chi < 2.0 mg.m-3) + eutrophie (Eu: Chl > 2.0 mg.m-3) zones.
Prochlorococcus were neglected in the eutrophie zones. Areas of the different trophic zones were computed using a chlorophyll datafile obtained from
satellite images (annual average) and a software kindly provided by D. Antoine (Villefranche/mer).
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comparison of abundances of the two prokaryotes. Values for Synechococcus
carbon should however be looked at with more caution than those for
Prochlorococcus, because the limits of its occurrence at high concentrations
are much more difficult to set and our delimitation of the oligo- and meso-
trophic areas were somewhat arbitrary (see Table 1).
VERTICAL DISTRIBUTIONS
Vertical profiles of picophytoplanktonic ceUs are strongly inftuenced by
hydrological conditions and dramatic changes have been reported both on
spatial and seasonal scales. In well-mixed waters, when the mixing layer is
deeper than the euphotic layer (i.e. the depth that is reached by > 1% of the
incident light in surface), a situation currently found in upwelling areas, both
populations are present at low concentrations « 103 cells ml- 1; see e.g.
Fig. 2A in Partensky et al., 1996). In coastal waters and oceanic areas with a
nutrient-replete mixed layer, the shape of the vertical profiles of Prochloro-
coccus and Synechococcus are generally paraUel, with an homogeneous dis-
tribution in the upper layer and a dramatic decrease below the thermocline. In
these circumstances, the concentrations of these two genera in the mixed layer
are equivalent or slightly in excess for Synechococcus (e.g. Fig. 2; station EU;
EU EM54 EM52 MESO M053 M052 M051 OL/GO
i:H r~
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Figure 2. Vertical profiles of Prochlorococcus (Proc) and Synechococcus (Syn) cell
concentrations along the transect from the EU (200 32'N 18°34'W) to OLIGO site
(21°02'N 31 0 08'W) during December 1992 (EUMELI 5). For each profile, the
abcissa ranges [rom 102 to 106 cells ml-l, but consecutive profiles are shifted by one
decade. Modified [rom Partensky et al. (1996) with permission.
Bulletin de L'Institut océanographique. Monaco. n° spécial 19 (1999) 463
PRODUCTIVITY
see also Shimada et al., 1995, Fig. 5). In intermediate situations between this
and the typical oligotrophic structure, a case which is observed in the tropical
Atlantic (e.g. Fig. 2, station MESO), in the equatorial Pacific HNLC zone
(Landry et al., 1996) or in temperate open sea areas when the stratification
has been recently established after winter mixing (Oison et al., 1990a; Li
1995), the shape of the vertical profiles of the two populations are again par-
allel, but they both exhibit a clear abundance maximum at or slightly above
the nitracline level. In this situation, the integrated concentration of Syne-
chococcus as weB as the amplitude of the abundance peak are in general
inversely related with the depth of the nitracline (Oison et al., 1990a; Camp-
bell & Vaulot, 1993). In contrast, Prochlorococcus integrated concentrations
slightly increase with the nitracline depth. Finally, in oligotrophic waters, the
vertical structure of picophytoplankton does not show any clear variation
between Atlantic and Pacific oceans at a given latitude but it does vary for a
given ocean between tropical, subtropical and temperate areas. In the latter
two cases in summer-autumn, the profiles correspond to the extreme of the
previous situation, with the nitracline depth located at the bottom of the
euphotic layer. In these circumstances, there is a marked Prochlorococcus
abundance peak just above the nitracline and much fewer cells in the surface
waters, while for Synechococcus, the abundance is low ail along the vertical
profile (-1-3 103 cell ml- 1) and the abundance peak is reduced (Oison et al.,
1990a; Li, 1995). In tropical areas, the vertical structure is fairly stable
throughout the year although a slight seasonal cycle can be observed (Camp-
bell et al., 1997). It is about the same as the previous one for Synechococcus,
but for Prochlorococcus, the abundance peak is often much less marked than
in the previous case, because the abundance layer extends up to the surface
(e.g. Fig. 2, stations M052 to OLIGO; see also Campbell & Vaulot, 1993).
Consequently, the integrated concentrations of Prochlorococcus are generally
higher under the tropics than at higher latitude (see above). It is frequent how-
ever that, in both cases, counts of Prochlorococcus cells in near surface are
inaccurate, because the weak fluorescence of cells make them hardiy distin-
guishable by flow cytometry, unless a special configuration is used (Oison et
al., 1990a, 199üb; Dusenberry & Frankel, 1994).
Figure 2 illustrates the dramatic variations of the shape of vertical profiles
of Prochlorococcus and Synechococcus occurring along a sharp nutrient gra-
dient off the Mauritanian coast. Another good example of the variation of the
vertical structure of photosynthetic prokaryotes in response to hydrological
changes is given by the comparison of typical profiles from the warm pool
and from HNLC waters (Fig. 3). In the low salinity, low nutrient upper layer
of the warm pool (Lindstrom et al., 1987; Mackey et al., 1995; Radenac &
Rodier, 1996), the cell concentration (i.e. "" 103 Synechococcus cells ml- l and
"" 105 Prochlorococcus cells ml-') and the shape of the profiles is typical of
oligotrophic waters with a slight maximum of Prochlorococcus above the
nitracline (Blanchot, unpublished). In the high salinity high nutrient under
layer, Synechococcus disappears abruptly while Prochlorococcus abundance
decreases regularly down to around 200 m. In the HNLC area, the photic zone
is also shared in two layers but the upper one is not nitrate-depleted. The
shape of the profiles are typical of mesotrophic waters. They have a smaller
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Figure 3. Typical vertical profiles of Prochlorococcus and Synechococcus in the
warrn pool (OO-167°E, filled circles) and in HNLC waters (OO-150oW, outlined
circles). Samples were collected during two one-week time series during fall 1994.
Data show average abundances ± SE (n = 7) at 4:00 a.m. local time, when œil divi-
sion is completed (FLUPAC cmise; Blanchot unpublished data).
vertical extension than in the warm pool, but the main difference is the
increase of the Synechococcus abundance by one order of magnitude, while the
abundance of Prochlorococcus is rather stable (i.e. '" 104 Synechococcus ml- I
and'" 105 Prochlorococcus ml- 1; Blanchot unpublished).
FACTORS CONTROLLING THE ABUNDANCE
OF PROCHLOROCOCCUS AND SYNECHOCOCCUS
Differences in the distributions of the two picophytoplankters clearly show
that, although they are under similar contraIs, they are responding at very dif-
ferent degrees to biologieal (specifie grawth rate, grazing, viral mortality,
genetic variability, etc.) and/or physico-chemical factors (stability of the
Bulletin de l'Institut océanographique, Monaco, n° spécial 19 (1999) 465
PRODUCTIVITY
water column, light, temperature, micro- and macronutrients, etc.). However,
several of these factors are interconnected (e.g. a well-mixed water body is
generally colder and richer in nutrients than a stratified water body and may
also have a different grazer community), and it is not easy to determine with
certainty which factor is the most important to condition the distribution of
these two prokaryotes in the field.
Tremendous progress has been made in the recent years about the determi-
nation of growth rates of natural populations of Synechococcus and Pmchlo-
rococcus (Landry et al., 1995b; Vaulot et al., 1995; Liu et al., 1997; Shalapyonok
et al., 1998; Jacquet et al., in press; Fumas & Crosbie, this book; Navarette et
al., this book). These studies tend to prove that, beside the fact that cells are
highly synchronized by the diel cycle, growth rates of both prokaryotes are
high (generally close to one division per day or even higher), i.e. their growth
does not seem to be drasticaIly Iimited, even in oligotrophic areas. The quasi-
constancy of ceIl concentrations from one day to another, which is a charac-
teristics of stable environments such as the tropical oligotrophic zones, sug-
gests that loss rates are, on the time scale of one to a few days, almost exactly
compensating growth rates (Burkill et al., 1993; Landry et al., 1995a). For
instance. Jacquet et al., (in press) showed that grazing rates adjusted within
one day to changes in intrinsic growth rates of coastal populations of Syne-
chococcus. Little is however known on the relative importance of grazers,
viruses and other causal agents in picophytoprokaryotic mortality. In oceanic
waters off Japan Kudoh et al. (1990) found that mortality of Synechococcus
populations due to small ciliates was higher (0.06 h- I ) than that by hetero-
trophic flagellates (0.04 h-1), these two rates exactly balancing the population
growth rate. Furthermore, experiments with mixtures of Pmchlorococcus,
Synechococcus and ciliates showed that these grazers preferentially feed on
the latter (Christaki et al., in press). DifferentiaI grazing on Synechococcus
and Prochlorococcus also probably occurs in situ, and this may partlyexplain
differences in the relative abundance of these two prokaryotes, in particular in
oligotrophic systems. Other possible causes of mortality incIude grazing by
larger filter feeders such as appendicularians (Gorsky et al., 1999), but the
true ecological impact of these predators on prokaryotes is not known yet.
Viral Iysis may also be an important mortality factor since cyanophages are
very abundant in the marine environment. Proctor and Fuhrman (1990)
observed that up to 5% of cyanobacteria contain mature phages. Suttle (1994)
also estimated that 3% of Synechococcus biomass may be lysed daily, but
Waterbury and Valois (1993) considered that phages have a negligible impact
in regulating the densities of marine S)nechococcus. However, the potential
impact of these viruses on Prochlorococcus has not been studied yet.
Among physico-chemical factors, light is the most probable to play a role
in itself in the differential distribution of Synechococcus and Prochlorococcus
along the vertical gradient in oligotrophic areas. The fact that Synechococcus
does not grow below the euphotic zone, in contrast to Prochlorococcus which
can be round at significant concentrations at 150 m or deeper, c1ear1y indi-
cates that the former but not the latter organism is Iimited by low irradiances.
This is corroborated by studies in culture (Moore et al., 1995) which show
that Synechococcus compensation point for growth is higher than that of
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Prochlorococcus, although differences in growth irradiance optima also exist
between pigment types of Prochlorococcus (see below). The role of nutrients
is much more tricky to evaluate. In general, there is a positive relationship
between nitrogen and Synechococcus concentrations (see e.g. Blanchot et al.,
1992, Figs. 1-2) and an inverse relationship between Synechococcus and
Prochlorococcus integrated concentrations (Campbell & Vaulot, 1993). How-
ever, although it is tempting to speculate that nitrogen could directly drive
Synechococcus abundances, at least in surface waters where light is not limit-
ing, things might not be that simple. First, as mentioned above, other para-
meters covary at the same time as nitrogen and their role might also be
predominant. Second, the fact that Synechococcus can grow in highly oligo-
trophic areas at near-maximum rates (one division per day or more) and often
higher than Prochlorococcus (Liu et al., 1995) is puzzling. The influence of
nitrogen on Prochlorococcus is even more complex to understand. In the
Mediterranean Sea in winter (Vaulot & Partensky, 1992) as weil as in the sub-
tropical northern Atlantic in late spring (Graziano et al., 1996), enrichment
experiments pointed out that Prochlorococcus growth was limited by nitrogen
(nitrate and/or ammonium). Similarly, OIson et al. (1990a), while observing
the evolution of vertical profiles of photosynthetic prokaryotes during the
onset of stratification off Bermuda, speculated that Prochlorococcus had a
more stringent requirement for nitrate (or other nutrients which covary with
nitrate) than did Synechococcus. However, this is clearly not true for popula-
tions from tropical oligotrophic areas, where Prochlorococcus abundance
peak is in general located significantly above the nitracline. Moreover, high
integrated concentrations of this organism have been reported on a very large
range of nitrate surface concentrations (0.00 \-3 ilM), suggesting a relative
indifference toward inorganic forms of nitrogen (see Fig. 1). The only way to
reconcile this apparent contradiction is to assume that there are several phy-
siological types of Prochlorococcus, inhabiting different geographical areas
and behaving differently with regard to nitrogen assimilation. This is also
possibly true with Synechococcus, since different pigment types dominate in
nutrient-enriched and oligotrophic waters but, in this case, the quality of light
(green or blue) is probably also involved (see "biological adaptations").
Among micro-nutrients, only the effects of iron limitation has been studied
to date. Zettler et al. (1996) showed that iron addition increased the scatter
(i.e. the size) and red fluorescence (i.e. the chlorophyll content) of Synecho-
coccus and, although not very significantly, Prochlorococcus, but not their
cell concentration. These results were confirmed by f10w cytometric measure-
ments made directly on field populations during the IronExII experiment
(Cavender-Bares et al., unpublished). So either iron addition did not boost the
growth of these prokaryotes, because they were already growing at near maximal
rates, or grazers were able to quasi-instantaneously increase their pressure to
compensate an increase in intrinsic growth rate.
As already evoked (see distribution patterns), temperature is another
potential limiting factor, although its etfects are sometimes hard to uncouple
from that of other factors, like mixing. For Prochlorococcus, it essentially
plays a limiting role for growth when it is too low « 15-18°C) and an inhi-
biting raie below 10°C (Oison et al., 1990a, Buck et al., 1996). Temperature
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therefore restricts its Prochlorococcus distribution to inter-tropical areas
year-round or to summer and early autumn months in temperate latitudes,
although low concentrations may be detected also in winter in the northwestem
Mediterranean Sea (Vaulot et al., 1990). The growth of indi vidual Prochloro-
coccus strains is inhibited at temperatures higher than 25°C (Moore et al.,
1995), but this does not seem to occur in the field where high concentrations
(> 2105cells ml- 1) of Prochlorococcus have been recorded in waters> 29°C
(Blanchot & Rodier, 1996). For Synechococcus, the very large range of tempe-
rature at which it has been reported to bloom, suggests that there are several
ecotypes in the field having different temperature growth optima. The refer-
ence strain WH81ü3, for instance, grows best at 28°C (Moore et al., 1995),
which is probably not the case for natural populations from e.g. the Baltic sea.
However. generally speaking, in areas where Synechococcus co-occurs with
Prochlorococcus, the former prokaryote seems to preferentially bloom when
temperature is lower (Shimada et al., 1995) and can tolerate a lesser stability
of the water column (Lindell & Post, 1995).
BIOLOGICAL ADAPTATIONS TO LIGHT
An important factor which may explain the overall distribution of both
Synechococcus and Prochlorococcus is their ability to either acclimate (in the
physiological sense) or adapt (in the evolutionary sense) to changes in their
environment and, especially the light quality and (or) intensity. For both
organisms, at least two main pigment families can be distinguished in oceanic
waters by flow cytometry. Several (generally two) populations of Synecho-
coccus, distinguishable by their different orange and green fluorescences, are
often observed to co-occur in coastal waters (OIson et al., 199üb; Veldhuis &
Kraay, 1993). It has been shown that these populations possess a phycoerythrin
having different proportions of the two chromophores phycourobilin (PUB)
and phycoerythrobilin (PEB), which have in vivo absorption maxima at
ca. 495 and 545 nm, respectively (Oison et al., 1988). The population which
has the lowest orange fluorescence has a phycoerythrin with a low PUB to
PEB ratio, whereas that of the brightly orange population has a high PUB to
PEB ratio. In the field, the PEB-rich population dominates in mesotrophic or
coastal green waters, whereas the PUB-rich population is the only detectable
one by flow cytometry in oligotrophic areas (OIson et al., 1988) as weil as in
HNLC waters (Neveux et al., 1999). Law PUB cells may be present in open
ocean areas at very low abundances (escaping flow cytometric detection)
since strains with this pigmentation have been isolated by culturing (Water-
bury et al., 1986; Toledo & Palenik, 1997). This is why early studies on Syn-
echococcus mistakenly considered that the low PUB isolate WH78ü3 (also
called DC2) was representative of open ocean waters (see e.g. Glover 1985).
Flow cytometry might therefore oversimplify the picture of the pigment and
genetic diversity within marine Synechococcus. Isolates currently available in
culture show a wide range in PUB to PEB ratios (A495 nn/A545 nm from 0.37 to
2.40) whereas, for a single isolate, PUB to PEB ratio only vary two-fold
(Waterbury et al., 1986). Molecular studies show that low and high PUB
types of Synechococcus are genetically distinct (Palenik, 1994; Urbach et al.,
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1998). Toledo & Palenik (1997) have also shown that low PUB strains from
the California CUITent (CCLPUB strains) and from the Atlantic (such as
WH7803) were more distinct genetically than were the latter from high PUB
isolates from either the Atlantic or Pacific. The fact that 10w PUB populations
do not belong to a single homogeneous gene pool is consistent with the
hypothesis that low PUB populations are less cosmopolitan than are high
PUB ones.
Flow cytometry also has resolved two sub-populations of Prochlorococcus
characterized by different red fluorescences. This differentiation is observed
at depth in oligotrophic areas (Campbell & Vaulot, 1993; Veldhuis & Kraay,
1993; Blanchot & Rodier, 1996; Partensky et al., 1996). The dim sub-popula-
tion tends to dominate in the weIl lit upper layer and the bright population at
the base of the euphotic zone. Sub-populations of each sorted by f10w cyto-
metry and brought into culture, have been shown to maintain their differences
in red fluorescence after being in culture for several years (Moore et al.,
1998). This work also confirmed previous studies on isolates from different
geographical areas (Moore et al., 1995) which suggested that the dim popula-
tion was adapted to grow at higher iITadiances and had a much lower divinyl-
ChI b to a ratio than the bright population. This pigment differentiation
mainly translates a difference in the antenna proteins of these two organisms.
Light harvesting complexes are more abundant and bind more divinyl-Chl b
in the low light-adapted type (Partensky et al., 1997). The genetic characteri-
zation of low- and high-light adapted isolates has demonstrated that they
belong to different clusters (Palenik & Haselkom, 1992; Hess et al., 1996;
Laroche et al., ]996; Urbach et al., 1998). Amazingly, the genetic distance
between high and 10w light Prochlorococcus strains, isolated from close areas
or even from a given water sample, is wider than that between two strains iso-
lated from surface waters of very remote sites (Scanlan et al., 1996; Moore et
al., 1998). This is apparently not true for Synechococcus, since Toledo &
Palenik (1997) found that deep and surface populations from a same oligo-
trophic site were genetically very close. This low genetic variation of Syne-
chococcus populations in oligotrophic areas may explain why this organism
is more confined to the upper layer than is Prochlorococcus.
CONCLUSION
The extensive literature on Synechococcus and Prochlorococcus allows to
draw sorne general conclusions on their ecological distribution. Although
these prokaryotes co-occur on a wide part of the world ocean, particular adap-
tations have allowed the former organism to colonize cold areas and the
second one low light niches. Even in areas where light and temperature are
not limiting, there is a clear differentiation between these micro-organisms :
Synechococcus proliferates in nutrient-rich (generally near coastal) waters
whereas Prochlorococcus is most abundant in offshore nutrient-depleted
areas. These adaptations are even more remarkable when one consider that
these organisms are phylogenetically very close and probably have diverged
near-simultaneously from a single ancestor (Palenik & Haselkom, 1992;
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Urbach et al., 1992, 1998). Among the most significant (or visible?) diver-
gences existing between these prokaryotes, one must note their different cell
sizes (ca. 0.6 /-lm vs. 0.9 /-lm for Prochlorococcus and Synechococcus, respec-
tively; Morel et al., 1993; Sieracki et al., 1995) and light harvesting com-
plexes (divinyl-Chl a/b antenna vs. phycobilisomes). The differentiation of
ce]] size has direct consequences on nutrient assimilation (Chisholm, 1992)
and grazer efficiency, although for the latter, other factors such as differences
in ceU surfaces are also probably implicated (Christaki et al., in press). The
specialization of light-harvesting systems, has aUowed Synechococcus to
thrive in either green (high PEB cells) or blue (high PUB ceUs) waters and
Prochlorococcus to adapt to blue light waters from surface (high-light
adapted cells) down ta depths receiving 0.1 % of the irradiance incident in
surface (low-light adapted ceUs). However, although this is not clearly estab-
Iished yet, there might also exist differences between these organisms in other
biologieal processes, such as nutrient assimilation. Furthermore, the differen-
tial behaviour of natural populations of Prochlorococcus from tropical areas
and from more temperate areas suggest that isolates truly representative of
these two nutrient types may have not been isolated in culture yet.
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INTRODUCTION
Marine picophytoplankters represented by Synechococcus have been
shown to be ubiquitous in world oceans (Johnson & Sieburth, 1979; Water-
bury et al.. 1979). Flow cytometric analyses have further revealed that
Prochlorococcus is abundant in subtropical and tropical oceanic waters
(Chisholm et al., 1988, 1992). While data have been accumulated on the dis-
tributions of these picophytoplankters, relatively little is known on their dis-
tributions in the South Pacifie and Antarctic Oceans.
Here we report vertical distributions of picophytoplankters including both
Prochlorococcus and Synechococcus in the South Pacifie and Antarctic
Oceans by flow cytometry and chlorophyll analysis after size fractionation.
MATERIALS AND METHODS
During the research cruises of the RIV Kaiyou Maru, water samples were
collected with Niskin bottles, fixed with glutaraldehyde (final conc. 1%) and
preserved at -80°C until used. Flow cytometric analysis was conducted in the
laboratory as reported previously (Shimada et al., 1996). Chlorophyll a con-
centrations were determined by the fluorometric method. Water samples were
taken from 9 depths between 0 and 200 m, filtered with 2 and 10 ~m-Nucle­
pore filters, or whatman GFIF glass microfilter. The pigments on the filter
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were extracted in 90% acetone. Concentrations of chlorophyll a in the
extracts was measured using a spectro-ftuorometer (Shimazu RF5 100, emis-
sion: 436 nm, excitation: 670 nm) and compared with a standard chlorophyll
a (Wako Purechemical. Co. Japan).
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Figure 1. Subsurface chlorophyll maxima (SCM) appeared in South Pacifie Ocean.
Ch\orophyll analysis after fractionation showed that picophytoplankton accounted
for over 85% in these SCM.
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RESULTS AND DISCUSSION
Prochlorococcus in tropical and subtropical ocean water.
On a cruise from Japan (Tokyo Oct. 21,1994) to Chile (Valparaiso Nov. 20,
1994), deep subsurface chlorophyl! maxima (SCM) were observed at a depth
of 75-150 m at al! sampling stations: from St-l (OO.OOS, l72.30oW, surface
water tempo 30.6°C) to St-5 (30.00o S, l2l.45°W, 21.9°C) (Fig. 1). On the
other hand, they disappeared on a subsequent cruise from Chile (Valparaiso
Nov. 26,1994) to the Antarctic Ocean (St-37 Dec. Il, 1994), at St-6 (35.00S,
072.58°W, 13.0°C) and other more southem stations. Over 104 cell ml-lof
Prochlorococcus cells were detected from 100 m depth at St-3 (20.00oS,
146.12°W, 26.0°C), where 90% of the total chiorophyll a were shown to be in
the picophytoplankton fraction. Whereas no Prochlorococcus cell was
detected in the water samples collected at St-7 (40.00o S, 074.38°W, 13.9°C)
and more southern stations (Fig. 2).
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Figure 2. Vertical distributions of Prochlorococcus, Synechococcus, eukaryotic
picophytoplankters, analyzed by ftow cytometry.
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Synechococcus in temperate ocean waters
While at St-3, cell concentrations of phycoerythrin-rich Synechococcus
(103 cell ml- l at 50 m depth) were lower than those of Prochlorococcus and
eukaryotic picophytoplankters, they dominated in the surface waters at St-9
(49.60oS, 075.59°W, 11.2 oC), at concentration of 2.9 x 104 cell ml-I. At the
entrance of the Antarctic Ocean (St-13, 56.60oS, 065.55°W, 6.0 oC), however.
they decreased to ca. 103 cell ml-l, and disappeared at St-37 (60.13°S,
060.23°W, 1.1 OC). These data indicate that the water temperature in the Ant-
arctic Ocean is too low for phycoerythrin-rich Synechococcus to survive.
Eukaryotic microalgae in the Antarctic
At St-37, the phytoplankton consisted solely of eukaryotic cells (Here we
cali red ftuorescencing particIes larger than 0.8 ~m as eukaryotic cells). At St-13
(2.0 x 104 cell ml- I ) about 70% of the picophytoplankters were smaller than
2.0).lm in diameter; at St-37 (3.1 x 103 cell ml- I at the surface), the propor-
tion was somewhat lower, although still over 60%. Species composition was
unknown. Further work is required to cIarify the nature of these eukaryotic cells.
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Session 5 started by an overview of recent advances in cyanobacterial
research and application.
Usually, occurrence of toxic cyanobacteria is associated with fresh and
brackish waters, Cyanobacteria produce a wide array of toxins: hepatoxins,
neurotoxins and cytotoxins which adversely affect drinking water, recrea-
tional activities and freshwater fisheries. Recent death of more than 50 people
in Brazil dramatically illustrate the importance of cyanobacterial toxins. This
has recently prompted the World Health Organization to establish a limit (l f..lg
microcystin-LR per liter) for drinking water. Cyanobacteria in brackish and
marine waters have been also reported to produce CTX, including micro-
cystins, nodularins, PSP and sorne other toxins; nevertheless, little research
has been dedicated to the production and the fate of these toxins, except for
the Baltic Sea and sorne coastal areas of the Pacifie. At present, the ecological
significance of marine CTX is unclear; however, the neurotoxins of Trichodes-
mium spp. have been assumed to deter grazers. (G. Codd's keynote lecture).
Recent progress in analytical methods, such as protein phosphatase inhibi-
tion assay and immunoassay, now permit the detection of CTX down to the
pg level. The protein binding assay is the most sensitive method for microcys-
tin and nodularin; level of 50 fmole can now be detected. The hepatocyte cul-
ture assay is 100-1000 fold less sentive, but it allows for the detection of non-
phosphates binding toxins. (Serres M.H., Fladmark K.E., Knutsen G., Doske-
land S,O.; poster).
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The role of environment factors to the growth and toxic production of
toxin species has then been discussed.
In eastern Baltic Sea, a significant negative correlation between abundance
of potential toxic nitrogen-fixing cyanobacteria and concentration of inor-
ganic nitrogen was found. Further enrichment experiments with Microcystis
aeruginosa showed importance of dissolved organic compounds for the
growth of this species. Urea was the best organic nitrogen source; DOM
extracted from Daugava River sustained a significant yield (Balode M., Maes-
trini S.Y., Purina L, Béchemin C; poster).
CTX production has been proved to be related to N or P deficiency. In
Nodularia spumigena the highest toxin production was found in the nitrogen
sufficiency and phosphorus deficiency. Nodularin was the toxin found in
highest concentrations inside the cells (Panosso R., Granéli E., Luckas B.,
Hummert C; oral presentation).
Recently (April-May 1997), a bloom of Lyngbya majuscula started in a
shallow Australian inlet and spreaded into an open bay. The bloom caused
severe contact dermatis. Fishermen reported that this toxicity has continu-
ously increased during the past years. Estimation of mices injected with
extracts of L. majuscula showed histological changes in kidneys (Dennison
W.C, O'Neil J.M., Oliver P., Shaw G.; oral presentation).
Spanish scientists reported for the first time the presence of Phormidium
persicinum cells in the mantle of the local abalone Haliotis tuberculata which
were banned from the market because they contained PSP. Research has
started for growing P persicinum in culture for further investigation of toxin
production (Lopez-Rodriguez C, Noguerol Seoane A., Bravo Portela 1.; oral
presentation).
Spirulina maxima is mass-produced in Mexico. Medical evaluations made
before declaration as safe for commercial distribution showed that up to a level
of 30% indiet for rodents did not produce toxic effects. Studies with other test
animaIs are presently carried out (Chamorro G., Salazar M., poster).
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INTRODUCTION
A wide range of secondary metabolites, including bioactive compounds, is
emerging as bioassays and physico-chemical analytical methods are increas-
ingly applied to cyanobacteria (blue-green algae). Indeed, the rate of disco-
very of novel compounds from cyanobacteria only appears to be constrained
by the development and application of screening programmes, whether for
anticancer, antimicrobial, cytotoxic or multi-drug-resistance activities (e.g.
Gerwick et al., 1994; Patterson et al., 1994; Moore, 1996). A further basis for
the increasing pace of discovery of cyanobacterial secondary metabolites is
the widening recognition of the role of cyanobacterial toxins in animal and
human acute and chronic health problems.
Knowledge of the toxic effects of cyanobacterial mass growths extends
back in the scientific literature to Francis (1878), who investigated the causes
of animal deaths associated with the ingestion of Nadularia spumigena. Evi-
dence also exists of an early awareness of the toxic nature of cyanobacterial
blooms and scums, and of avoidance actions at community level, over a cen-
tury ago (Codd et al., 1994a). Pioneering work on the toxicity assessment and
toxin characterization of natural samples and laboratory cultures of Micro-
cystis and Anabaena spp. from freshwaters is notable from the 1940's to the
1980's, e.g. in South Africa (Steyn, 1945; Botes et al., 1984), North America
(Gorham, 1964; Carmichael et al., 1975), Australia (May, 1972; Falconer et
al., 1983) and the United Kingdom (Heaney, 1971; Richard et al., 1983).
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Throughout this early period, recognition of the toxicity of sorne marine
cyanobacterial populations (e.g. Trichodesmium and Lyngbya spp.) was also
developing (e.g. Chidambaram & Unny, 1944; Nagabhushanam, 1967;
Moore, 1996). Cyanobacterial toxins have now been detected or identified
from inland and estuarine waters in many countries and to a lesser extent
from marine environments.
Research into the occurrence, toxicology, environmental concentrations
and fate of cyanobacterial toxins in natural and controlled environments, has
increased greatly over the past decade (Carmichael, 1992; 1997, Falconer,
1993; Codd, 1995; Sivonen, 1996; Codd et al., 1997). Poisoning incidents
(Section 4) have attracted national and international media attention and have
led to the need for proactive and reactive policies and programmes to under-
stand the wider extent of, and the potential, for cyanobacterial bloom and
toxin production. Regional and national sampling programmes have occurred
in several countries (e.g. NRA, 1990; NSWBGATF, 1992) and several more
are in progress. These sampling and toxin analysis programmes are being
facilitated by advances in the detection, identification and quantification of
cyanobacterial toxins, which are, in their tum, rapidly developing fields (Codd
et al., 1994b; Bell & Codd, 1996).
Policy development to reduce the production and impact of cyanobacterial
toxins for the protection of human and animal health and the environmental
and amenity value of waterbodies is also underway in several countries (e.g.
NRA, 1990; NSWTATG, 1992; ACWQR,1994, Yoo et al., 1995). The deve-
lopment of effective policies for the management of cyanobacterial toxin
problems depends closely on the further understanding of the properties and
occurrence of the toxins, of their health significance and of the exposure
routes by which they may result in adverse human and animal health out-
cornes. Advances in these areas, with reference to freshwater, estuarine and
marine environments, are considered here.
MOLECULAR AND TOXICOLOGICAL PROPERTIES
Understanding of the properties of cyanobacterial toxins has arisen from
two scenarios: a, after animal and human poisoning episodes have been
linked to the ingestion of, or other exposure to, the suspected toxin-producer-
cells; and b, from the proactive screening of environmental samples and labo-
ratory isolates of cyanobacteria for toxins. The toxins can be categorized
according to their sites and modes of action.
Neurotoxins
Of the cyanobacterial neurotoxins, the saxitoxins are probably best known
to marine scientists, since these are widely associated with dinoftagellate
blooms and paralytic shellfish poisoning (Falconer, 1993). These alkaloid,
sodium channel-blocking neurotoxins can also be produced by natural popu-
lations, and in sorne cases, laboratory cultures, of cyanobacteria (Fig. la);
about 20 saxitoxin variants have been found to date. The neurotoxic alkaloid
anatoxin-a, and a more recently-found ethyl ketone analogue, homoanatoxin-a,
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Figure 1. Examples of cyanobacterial toxins. a, saxitoxin (generic structure, for
examples of variants found in cyanobacteria, see Sivonen (1996) and Carmichael et
al. (1997»; b. anatoxin-a; c, homoanatoxin-a; d, anatoxin-a(s); e, microcystin
generic structure, X and Y are variable L-amino acids, 5 is Adda; see Sivonen (1996)
for variants; C, nodularin; g, cylindrospermopsin.
are both postsynaptic, cholinergie nicotine agonists and neuromuscular
blocking agents (Fig. 1b, c; Carmichael, 1997). Anatoxin-a(s), the (s) refer-
ring to the production of hypersalivation in mammals, is a guanidine methyl
phosphate ester, which inhibits cholinesterases (Fig. Id).
Hepatotoxins
Toxicity assessment of samples from natural populations and laboratory
cultures of cyanobacteria by bioassay has revealed hepatotoxicity more often
than neurotoxicity (e.g. Baker & Humpage, 1994; Codd & Bell, 1996).
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Microcystins have, so far, been the most widely found cyanobacterial hepato-
toxins. These hepatotoxins, of which about 60 variants are known (Rinehart
et al., 1994; Codd, 1995; Sivonen, 1996; Carmichael, 1997; Beattie et al.,
1998), can cause death within a few hours in animaIs, preceded by weakness,
recumbency, vomiting, diarrhoea, pailor, hepatomegaly and haemorrhagic
shock. Liver weight can double due to disruption of liver architecture and
pooling of blood (Richard et al., 1983; Theiss & Carmichael, 1986). Micro-
cystins are cyclic heptapeptides with the general structure shown in Fig. le.
Structural variants occur according to the L-amino acids at positions X and Z
in the sequence cyclo(D-Ala 1-X2-D-MeAsp3-Z4-Addas-D-Glu6-Mdha7).
D-MeAsp is D-erythro-~-methylaspartic acid, Mdha is N-methyldehydro-
alanine and Adda is (2S,3S,8S,9S)-3-amino-9-methoxy-2,6,8-trimethyl-lO-
phenyldeca-4,6-dienoic acid (Botes et al., 1984; Carmichael, 1992). Further
variations occur via amino acid demethylation at positions 3 and/or 7 and by
further changes at the remaining positions. For example, at least 8 micro-
cystins contain ADMAdda (O-acetyl-O-demethyIAdda). including three
microcystins from Nostoc which contain aspartate instead of MeAsp, and
dehydrobutyrine (Dhb; 2-amino-2-butenoic acid) in place of Mdha (Beattie et
al., 1998). Adda, ADMAdda and the stereoisomer (6Z)-Adda serve as charac-
teristic markers for microcystins and also for the cyanobacterial cyclic pen-
tapeptide nodularin hepatotoxins. Nodularin is cyclo (D-MeAspl-L-Arg2-
Adda3-D-Glu4-MdhbS), where Mdhb is 2-(methylamino)-2-butenoic acid
(Sivonen et al.. 1989; Fig. 1f). A small number of nodularin variants is
known, including taxic (D-Aspl) nodularin and (O-demethyIAdda)3 nodu-
larin and a non-toxic (6Z)-Adda3nodularin (Rinehart et al., 1994).
Microcystins and nodularins are primarily regarded as hepatotoxins since
they cause extensive liver damage in vivo and readily enter hepatocytes via
the bile acid transport system, causing cell deformation (Falconer, 1993).
However, there is abundant evidence that they can adversely affect a wide
range of cell types and cell processes, provided that sufficient of the toxins
can enter the ceUs. Microcystins and nodularin inhibit protein phosphatases
PPI and PP2A (e.g. MacKintosh & MacKintosh, 1994), key enzymes in the
regulation of metabolism, homeostasis and growth in animais and plants
(Cohen, 1989; Hunter. 1995). Microcystin-LR, the most-studied of the micro-
cystins, also inhibits prote in phosphatases PP3, PP41 PPX and PP5 with
approximately the same high potency as PPI and PP2A (Honkanen et al.,
1990, 1994; Chen et al., 1994). Inhibition of PPI by microcystin proceeds via
the covalent binding of the toxin's Mdha7 residue to Cys273 of the protein
phosphatase (MacKintosh et al.. 1995; Runnegar et al., 1995; Goldberg et al.,
1995). This binding site is not likely to be involved in the toxicity of nodu-
larin which contains Mdhbs in place of Mdha and the conserved regions of
the toxins, particularly Adda-D-Glu, may be involved (Goldberg et al., 1995).
The most recently recognized cyanobacterial toxin with hepatotoxic
effects is cylindrospermopsin. This guanidine alkaloid (Fig. 1g) causes
necrotic injury to mammalian liver, kidneys, lungs and intestines and is a pro-
tein synthesis inhibitor (Ohtani et al., 1992; Hawkins et al., 1985; Terao et al.,
1994). As with cyanobacterial neurotoxins, microcystins and nodularins,
structural variants of cylindrospermopsin may emerge as high resolution
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liquid chromatography with mass spectrometry methods are applied to the
study of this potent toxin.
Cytotoxins and other toxins
The proactive screening programmes for antimicrobial, anticancer,
enzyme-inhibition and multidrug resistance activities are revealing a wide
range of cytotoxins (see Gerwick et al., 1994; Patterson et al., 1994; Carté,
1996). These products, from marine, freshwater and terrestrial cyanobacteria,
include toxins implicated in human health problems (e.g. skin irritants) and
cytotoxins with therapeutic potential, both directly and after chemical modifi-
cation. Lipopolysaccharide endotoxins (LPS) are produced by several cyano-
bacteria, and have been purified from Microcystis isolates (e.g. Raziuddin et
al., 1983; Martin et al., 1989). Although not as toxic as LPS from Salmonella,
the health significance of cyanobacterial LPS in waters containing, or derived
from sources with high cyanobacterial populations, is not understood.
OCCURRENCE OF CYANOBACTERIAL TOXINS
Cyanobacterial toxins occur in fresh, brackish and marine waters and in
terrestrial environments (Carmichael, 1992; Codd, 1995). For many years,
information on their presence in freshwaters indicated a sporadic and patchy
occurrence, arising from largely reactive studies after animal poisonings and
human health incidents associated with exposure to cyanobacteria. However,
an increasing trend has developed over the past 15 years to carry out proactive
surveys of cyanobacterial blooms and scums in freshwaters by toxicity
assessment and, more recently, by toxin analysis. Such surveys have beenJare
being made at regional or nationallevel in at least 19 countries.
There is a high probability that cyanobacterial samples from individual
freshwaters will be acutely toxic by bioassay (e.g. 40 to 90%; Codd et al.,
1989; Baker & Humpage, 1994; Henriksen, 1996). This high likelihood has
led to recommendations that cyanobacterial blooms and scums in freshwaters
should be assumed to be toxic unless analysed and found to be otherwise
(NRA, 1990; Bell & Codd, 1994; Codd & Bell, 1996). The high probability
of the presence of cyanobacterial toxins also confirms the need for cyanobac-
terial toxin analysis and management actions, based on the results obtained,
in multistep alert systems for the monitoring of water quality in waters which
are prone to cyanobacterial bloom development (Burch, 1994). Positive find-
ings from at least 52 countries, including 27 states in the USA, indicate the
widespread ability of cyanobacteria to produce toxins in freshwaters across
the globe (Table 1).
The relative lack of information from brackish, coastal and marine waters
(Table 1) may reftect the lower number of sampling, toxicity assessment and
toxin analysis studies carried out in saline waters, compared with freshwaters.
The Baltic Sea is, however, a relatively intensively studied area with respect
to cyanobacterial blooms and toxins, with nodularin commonly detected in
Nadularia spumigena blooms and laboratory isolates from these waters (e.g.
Sivonen et al.. 1989; Lehtimaki et al., 1997). Nodularin-containing blooms
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Table I. Findings of toxie eyanobaeterial blooms, seums or mats
[From: Codd (1995), Yoo et al. (1995), Reguera (1997), IOP (1997)].
Freshwaters Estuaries, Brackish Lagoons
and Coastal Marine Waters
Europe Belgium, Czech Republic, Denmark, Denmark, Estonia, Finland,
Estonia, Finland, France, Germany, Latvia, Norway, Poland, Rus-
Greece, Hungary, Ireland, Italy, Latvia, sia, Sweden, United Kingdom
Netherlands, Norway, Poland, Portugal,
Russia, Slovakia, Siovenia, Spain, Sweden,
Switzerland, Ukraine, United Kingdom
Americas Argentina, Bermuda, Brazil, Canada, Argentina, Brazil, Mexico,
Chile, Mexico, USA (at least 27 states), Uruguay, USA
Venezuela
Middle East Bangladesh, India, Israel, Japan, Jordan, India
and Asia Malaysia, China, Saudi Arabia, Sri Lanka,
South Korea, Thailand
Africa Egypt, Ethiopia, Kenya, Morocco, South South Africa
Africa, Zimbabwe
Australasia Australia, New Caledonia, New Zealand Australia, New Zealand,
Papua New Guinea
Seas Atlantic Ocean, Baltic Sea,
and Oceans Caribbean Sea, Indian Ocean
have also been reeorded from brackish waters in several other coastal areas
including New Zealand, Australia and South Africa (e.g. Harding et al., 1995)
although not so far from N. America, an interesting note in view of the high
level of research in progress on cyanobacterial toxins in the USA and Canada
(Carmichael, 1992, 1997).
Microcystins have occasionally been reported from brackish waters and
eoastal sites, although they are regarded as more characteristic of freshwater
cyanobacterial blooms. Blooms and scums of Microcystis aeruginosa,
extending for at least 75 km and containing a range of microcystins, have
occurred in South America's largest lagoon system, the Patos Lagoon in
recent years (Yunes et al., 1996). Although they can extend into the lower
tidal areas of the Lagoon, and toxic scums have been deposited on nearby
beaches of the Atlantic Ocean, it is likely that Microcystis bloom- and micro-
cystin-production mainly occur in the upper (freshwater) regions of the Patos
Lagoon. The presence of prote in phosphatase-inhibiting compounds, which
are indistinguishable chromatographically from microcystin-LR, has been
reported in extracts of shellfish from Vancouver Island (British Columbia, BC,
Canada) and from the livers of Atlantic salmon from net pens at Nanaimo, BC
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(Chen et al., 1993; Andersen et al., 1993). Whether microcystins are pro-
duced by cyanobacteria of the marine plankton has not been systematically
investigated to date. Although cylindrospermopsin has been isolated from
Cylindrospermopsis, Umezakia and Aphanizomenon from freshwaters
(Ohtani et al., 1992; Terao et al., 1994; Banker et al., 1997) this toxin has not
been reported so far in brackish or marine environments.
The neurotoxins, anatoxin-a, homoanatoxin-a or anatoxin-a(s) continue to
be reported in freshwaters (e.g. Codd, 1995; Carmichael, 1997; Henriksen et
al., 1997) but information is lacking on the production of these toxins in
brackish and marine waters. Furthermore, whilst the saxitoxins continue to be
widely found in coastal marine environments and in marine fauna, it is not
known whether cyanobacteria are a source of these toxins in brackish and
marine environments. This should be regarded as a possibility since the range
of known saxitoxin-producing cyanobacteria is increasing in freshwaters
(Carmichael, 1997) and saxitoxins attributed to the freshwater cyanobacte-
rium Anabaena circinalis have been extracted from the freshwater mussel
Alathyria condola (Negri & Jones, 1995).
Blooms of the planktonic nitrogen-fixing cyanobacterium Trichodesmium
are an annual and widespread feature of several subtropical and tropical
oceans, seas and coastal waters (Carpenter et al., 1992; Capone et al., 1997).
Early indications from the Indian Ocean that Trichodesmium blooms may
have deleterious effects on fish, birds and invertebrates raised the possibility
that toxins, in addition to physical effects e.g. gill blockage, may be produced
(Chidambaram & Dnny, 1994; Nagabhushanam, 1967). Bloom samples of
Trichodesmium from the Caribbean in 1990 and 1991 were highly neurotoxic
in mouse and brine shrimp bioassays, neurotoxicity being associated with
T. thiebautii-dominated blooms, rather than with T. erythraeum blooms
(Hawser et al., 1991; Hawser & Codd, 1992). The T. thiebautii bloom sam-
pies were also acutely toxic to calanoid and cyclopoid grazers, but not to the
harpacticoids, Macrosetella gracilis and Miracia efferata, which graze on
Trichodesmium (Hawser et al., 1992). The identity of the neurotoxines) of
T. thiebautii blooms is unclear: the neurotoxicity is associated with low mol. wL
components which do not contain anatoxin-(a) or inhibit cholinesterase
(Hawser & Codd, 1992). T. erythraeum bloom toxicity has been found in
Australian (Queensland) coastal waters with indications that the toxins may
be accumulated by the Spanish mackerel, Scomberomorus commersoni
(Endean et al., 1993). Whether Trichodesmium blooms elsewhere (e.g. off
Central and South American, and Japanese coasts) are toxic, does not appear
to have been investigated.
In contrast to the relative lack of investigations on the presence of toxins in
marine and oceanic planktonic cyanobacteria, studies on marine benthic
cyanobacteria, including epilithic, epiphytic and epizoic forms, have revealed
a range of potent cytotoxins, antimicrobials, and ichthyotoxins. Sorne of
these toxins have therapeutic potential, and can now be synthesised de novo,
e.g. the antitumour agent, curacin A, of Lyngbya majuscula (Wipf & Xu,
1996). Space does not allow for a review of these toxins here and the follow-
ing sources are recommended: Gerwick et al. (1994), Patterson et al. (1994)
and Moore (1996).
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HEALTH EFFECTS OF CYANOBACTERIAL TOXINS,
ESTABLISHED- AND POSSIBLE HUMAN EXPOSURE ROUTES
A history of poisoning incidents and fatalities of wild and domestic animal
exists with examples from North and South America, Africa, Europe and Aus-
tralia (e.g. Francis, 1878; Steyn, 1945; Carmichael et al., 1975; Edwards et al.,
1992; Harding et al., 1995; Lawton et al., 1995; Yoo et al., 1995, Table II). Poi-
sonings of vertebrates have usually been hepatotoxicoses and neurotoxicoses,
either singly or in combination. They have generally followed the oral ingestion
of cyanobacterial bloom, mat or scum material containing cyanobacterial tox-
ins, with the additional possibility of direct damage to fish gills by extracellular
toxins (Rodger et al., 1994). With a few notable exceptions (e.g. Francis, 1878;
Steyn, 1945; Carmichael et al., 1975) many of the earlier reported animal poi-
sonings at freshwaters remain as suspected cyanobacterial toxicoses due to
(unavoidably) incomplete investigations and the unavailability of modem ana-
lytical methods. More recently, it has become possible to identify cyanobacte-
rial toxins in clinical material from intoxications: see e.g. Edwards et al. (1992)
for anatoxin-a from dog stomach contents, Lawton et al. (1995) for micro-
cystins from sheep rumen contents and Henriksen et al. (1997) and Onodera et
al. (1997) for anatoxin-a(s) from bird stomach contents. Animal deaths may
also occur due to multiple factors, e.g. cyanobacterial toxines) plus botulinum
toxin in the case of sorne bird-kills, or cyanobacterial toxines) plus physical
blockage of the gills or deoxygenation of the water in fish-kills.
Table II. Animal poisoning incidents associated withlattributed
to toxin-producing cyanobacterial blooms, scums or mat material.
Fauna Hepatotoxic materiaV Neurotoxic materiaVHepatotoxicoses Neurotoxicoses
Bats, Deer, Monkeys, Muskrats, Bats, Squirrels
Rhinoceros, Giraffe
Ducks, Gulls. Coots, Grebes Ducks, Gulls, Coots, Swans.
Wild Pheasants
Brown Trout, Rainbow Trout, Roach, Perch
Bream, Ide. Pike
Bees Snakes. Salamanders
Cattle, Sheep, Horses, Pigs, Dogs Cattle. Sheep. Horses, Pigs,
Domestic Dogs. Cats
Ducks, Geese, Chickens, Turkeys Ducks, Chickens, Turkeys
For primary literature see Carmichael (1992. 1997); Yoo et al. (1995); Codd (1995); Codd et al.
(1997); and from Eriksson et al. (1986); Rodger et al. (1994); G. Quibel1 (pers. commun.).
Cyanobacterial toxins present acute and chronic hazards to human health
(Falconer, 1993; Bell & Codd, 1994). As with animal poisonings, investigations
and case histories of human illnesses and poisoning episodes associated with
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cyanobacteria have, until very recently, been largely incomplete. Evidence Iink-
ing human iIInesses with cyanobacteria and/or their toxins has been unclear
since detailed case definitions have been lacking, diagnoses have been made by
exclusions, and toxin extraction, identification and quantification methods are
still being developed. However, from the balance of the available evidence from
human health incidents and from experimental toxicity studies with animais, a
range of adverse health outcomes resulting from contact with/ingestion of
cyanobacteria and their toxins is emerging (Hunter, 1994; Codd, 1994). These
include: gastroenteritis, skin irritations and allergic responses, muscular and
joint pains, pulmonary consolidation, kidney and Iiver damage. Examples asso-
ciated with freshwaters are given in Table III. Earlier reports for freshwaters
and references to skin irritations among bathers exposed to marine cyanobacte-
ria e.g. Lyngbya majuscula are given by Falconer (1994) and Hunter (1994).
The severity of health outcomes attributed to cyanobacteria and their
toxins has ranged from mild gastroenteritis and skin rashes, to life-threaten-
ing pulmonary consolidation, to increased death rates due to primary Iiver
cancer in China over many years of drinking untreated water containing
Microcystis. The first recognised example of human deaths after short-term
exposure to cyanobacterial toxins (microcystins) occurred in Caruaru, Brazil
in 1996 among haemodialysis patients (Jochimsen et al., 1998; Pouria et al.,
1998, Table III). The consequences of exposure to microcystins via dialysis
water will continue to be monitored among the survivors of the Caruaru trag-
edy and highlight the need to further identify cyanobacterial toxin exposure
routes and exposure levels with reference to human populations (Codd et al.,
1997). A World Health Organization Guideline Value (GY) for microcystin-
LR equivalents in drinking water has been identified this year (WHO, 1997).
This GY of 1 microgram per litre of water is provisional and is based on
microcystin-LR exposure studies in experimental animaIs and risk assess-
ments to humans via drinking water. The WHO GY serves as a model for
human health risk assessment studies of exposure to other cyanobacterial
toxins and can be expected to stimulate awareness of, and research into the
significance of other possible exposure routes, including freshwaters, estua-
rine and coastal waters and marine environments.
GAPS IN KNOWLEDGE WITH PARTICULAR REFERENCE
TO BRACKISH WATER AND MARINE CYANOBACTERIA
Although substantial gaps also exist in the understanding of the occur-
rence, significance and management of cyanobacterial toxins in freshwaters
and associated human exposure routes, this section aims to identify know-
ledge gaps with particular reference to theme of this symposium, namely
brackish and marine waters. The checklist is wide-ranging and a consequence
of the relatively small amount of research carried out so far on cyanobacterial
toxins in brackish water and marine environments:
OCCURRENCE AND PRODUCTION. Knowledge of the occurrence and produc-
tion oftoxins by cyanobacteria in brackish waters and marine environments is
lacking in comparison to freshwaters. The high incidence of positive results
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Table 3. Human health effects associated with, or attributed to cyanobacterial blooms and/or toxins in freshwaters.
Exposure Year Location Cases Cyanobacterial genera Cyanobacterial Health elTects References
route in source water toxins
1975 Sewickley Reservoir, ca. 5000 Schizothrix, Lyngbya, analysis not gastroenteritis Lippy & Erb (1976),
Pennsylvania, USA Plectonema, Phomlidillm attempted Sykora & Keleti (1981)
1979 Palm Island, Queens- 149 Cvlindrospermopsis cylindrosper- gastroenteritis, kidney damage, Byth (1980)
land, Australia mopsin liver damage, intestinal damage
Drinking 1981 Malpas Dam, Armi- sample from Microcystis microcystins liver damage Falconer et al. (1983)
water dale, NSW, Australia exposed pop.
of 25,000
1972 Counties and mortalities Microcystis microcystins primary liver cancer Yu (1989, 1995)
to townships. SE China per 100.000
1990+ of population
1989 Rudyard Lake, Staf- 10 Microcystis microcystins 8: gastroenteritis, sore throats, Turner et al. (1990)
fordshire, England blistered rnouths, abdominal pains
(canoe exercises) 2: as above plus pulrnonary con-
solidation (atypical pneumonia)
Recreationall 1995 Sites in Victoria, New 777 Microcystis, Anabaena, hepatotoxins gastroenteritis, flu-like symp- Pilotto et al. (1997)Water Con-
tact Activities South Wales and South Aphanizomenon, Nodu- present toms. mouth blisters, fevers, eyeAustralia laria and ear irritations
1996 Hollingworth Lake, Il Oscillatoria microcystins rashes, fever GA Codd & KA Beat-
Lancashire, England tie (unpublished)
(canoe exercises)
1974 Washington DC, USA 23 present endotoxins chills, fever, myalgia, nausea, Hindman et al. (1975)
(dialysis clinic) vomiting, hypotension
Dialysis 1996 Tabocas Reservoir, 117 inclu- present microcystins visual and hearing disturbances, Barreto et al. (1996),Camaru, Brazil ding over nausea, vomiting, painful hepa- Codd et al. (1996),
(dialysis clinic) 50 deaths tomegaiy; biochemical and Jochimsen et al.
pathologicai evidence of liver (1998), Pouria et al.
damage (1998)
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in the small numbers of marine studies performed so far (e.g. Sivonen et al.,
1989; Hawser et al., 1992; Baker & Humpage, 1994) merits systematic sur-
veys and suggests a high likelihood of further positive findings. Studies
should include planktonic cyanobacteria, including picoplankton (Synecho-
coccus, Prochlorococcus) and benthic cyanobacteria including epi- and endo-
lithic forms, epiphytic, epizoic and symbiotic cyanobacteria. Precedents for
the study of toxins in cyanosymbionts include the finding of motuporin, a
valine-containing nodularin, in the marine sponge Theonella swinhoei, this
toxin possibly being of cyanobacterial origin (de Silva et al., 1992). Surveys
should include toxicity-based screens, which can be general or specifie, for
nove! toxins and the use of molecular probes (antibodies and DNA probes) for
the known classes of cyanobacterial toxins e.g. microcystins and saxitoxins.
STRUCTURE AND TOXICOLOGY. Structural and toxicological data are needed
on cyanobacterial toxins from brackish water and marine environments e.g.
Trichodesmium bloom neurotoxines) (Hawser & Codd, 1992; Endean et al.,
1993). These studies will require secure supplies of the toxlns, enabled in turn
by the successful establishment of laboratory cultures of toxin-producing iso-
lates. Toxicological data are needed to aid toxicity assessments and risk
assessments.
ENVIRONMENTAL AND BIOLOGICAL REGULATION OF TOXIN PRODUCTION. As in
freshwaters, toxicity assays in the few marine studies have indicated wide
variations in toxin levels per unit cyanobacterial bloom biomass (Hawser et
al., 1992). Whether such variations are due to changes in toxin production
rates at the cellular level or due to changes in relative proportions of toxin-
producing and non-producing strains needs to be investigated. Based on work
with freshwater cyanobacteria (Rapala et al., 1997; Rapala & Sivonen, 1998),
the possibility arises of regulation of marine cyanobacterial toxin production
by environmental conditions (!ight, temperature, nutrient supply).
BIOLOGICAL ROLE(S) AND SIGNIFICANCE OF CYANOBACTERIAL TOXINS. This
topic is beyond the scope of the present contribution but is attracting attention
in freshwater environments (Codd, 1995; Christoffersen, 1996). Whether
marine and brackish water cyanobacterial toxins are accumulated in higher
organisms by direct uptake of the toxins from the water phase or via grazing
on the producer-cells has received relatively little attention. However, studies
indicate that such possibilities occur, e.g.:
a. Mytilus edulis mussels from Nodularia spumigena blooms in Western
Australia have been hepatotoxic (Falconer et al., 1992);
b. Sellner (1997) discusses the possibility that the reductions in microhetero-
troph communities and depressed clearing rates in Baltic Sea copepod
populations in the presence of cyanobacterial blooms may be influenced
by cyanobacterial toxins;
c. grazing of the copepods Macrosetella graciUs and Miracia efferata on neu-
rotoxic Trichodesmium blooms in the Caribbean (Hawser et al., 1992,
O'Neill et al., 1996);
d. microcystin-like compounds in salmon with netpen liver disease (Chen et
al., 1993; Andersen et al., 1993).
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HEALTH SIGNIFlCANCE. The significance of cyanobacterial toxins in brackish
and marine waters as health hazards needs to be understood to enable appro-
priate policies to be identified and implemented for the protection of human
health. This need already exists in the case of situations where known toxins
which are human health hazards can occur in brackish/marine environments
which are subject to human use e.g. nodularin(s) and microcystins; shellfish-
eries, netpen fin- fisheries and recreational/amenity use (Falconer et al.. 1992;
Andersen et al., 1993; Yunes et al., 1996). If toxins are produced by marine
cyanobacteria which are harvested or grown in mass culture for biotechnolog-
ical purposes, toxicity assessment and risk assessment should be carried out
in the interests of worker and product safety.
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SUMMARY
Several coastal areas in southeast Queensland, Australia have been
affected by blooms of the cyanobacterium Lyngbya majuscula Gomont
("Mermaid hair"). Lyngbya majuscula blooms have caused respiratory irrita-
tion, eye inflammation and severe contact dennatitis in fishennan and swim-
mers as weIl as causing reduced fish catch, seagrass loss and localized inputs
of nitrogen through nitrogen fixation. Lyngbya majuscula coIlected in the
summers of 1996-7 and 1997-8 had cells 10 !-lm long and 30-40 !-lm wide,
forming filaments up to 30-40 cm long. Lyngbya majuscula distributions that
have been linked to reports of dennatitis were identified at 3 sites along a
240 km stretch of coastline: Deception Bay (northem Moreton Bay), Rain-
bow Beach (south of Fraser Island), and Waddy Point (northem Fraser
Island). Previous seasonal blooms of increasing severity have been reported
by fishennen and swimmers over the past several years. The causees) of these
blooms is being investigated, in particular the possibility that increased avail-
ability of iron derived from exposure and aeration of hydric soils stimulates
cyanobacterial growth.
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BLOOM DESCRIPTION
In the summer of 1996-1997, a large bloom of the cyanobacterium Lyngbya
majuscula (Gomont) ("Mermaid hair") was identified in the Deception Bay
region of Moreton Bay, Queensland, Australia (27°30'S; 153° 10'E). Lyngbya
majuscula, a non-heterocystous cyanobacterium, formed dense mats of long
filaments (30-40 cm) (Fig. 1). It had a visible sheath enclosing 10 !lm long and
30-40 !lm wide cells (Fig. 1). It was found growing loosely attached to the sea-
grass Zostera capricomi and to benthic green algae (Udotea argeutea and
Enteromorpha prolifera). Localised seagrass loss associated with the Decep-
tion Bay bloom was observed. Decomposition of the cyanobacteria led to large
bacterial blooms of Beggiatoa, both on the beach and in the water column. The
bloom was associated with severe contact dermatitis in fisherman working in
the Deception Bay region, with additional reports of eye inflammation and res-
piratory irritation. According to the fishermen, seasonal blooms of increasing
severity have been observed in the previous 5-6 years. The biomass of
L. majuscula f1uctuated throughout the summer (10-100 gdry m-2), with occa-
sional disappearances reported following wind events. Lyngbya majuscula
was found growing attached in shallow water « 5 m) and often f10ating on the
water surface and large beach wracks of decomposing L. majuscula were
observed on occasion.
Figure I. Lyngbya majuscula from Moreton Bay: (a) Macroscopic view; (b) micro-
scopie view (scale bar =40 !lm).
In the summer of 1997-1998, another large bloom of L. majuscula occurred
in Deception Bay, beginning in December and extending through the surnmer.
In addition, reports of contact dermatitis in swimmers from Waddy Point,
Fraser Island and Rainbow Beach, just south of Fraser Island, led to a survey
for L. majuscula presence off Fraser Island. Lyngbya majuscula was found
growing attached to rock outcrops extending < 1 m above the sandy seafloor in
shallow water « 5 m). The rock substrate was identified as "coffee-rock",
which is soft organic material formed in sandy soils of Fraser Island. Similarities
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in habitat characteristics where contact dermatitis involving L. majuscula has
been reported include the following: clear oceanic waters, shallow water with
high light availability, mobile sandy sediments, attachment to the benthos
(either plants or rocks), and proximity to hydric soilleachate.
HUMAN AND ECOLOGICAL HEALTH IMPACTS
Human health impacts that have been associated with Lyngbya blooms
include severe contact dermatitis causing affected skin ta blister and peel off,
eye irritation and asthma-like respiratory distress. Contact dermatitis is exac-
erbated by wet c10thingl swimming apparel and may be reduced or avoided
by a freshwater shower immediately following contact. The asthma-like res-
piratory distress was reported by fisherman working with crab pots or ropes
that had dried L. majuscula filaments attached. The dried L. majuscula forms
a fine dusty powder, which could be easily aerosolised. Ali of the human
health symptoms appear to be highly variable between individuals. Prelimi-
nary toxicity tests showed slight vacuolation in mouse kidneys. Further toxi-
city studies are underway.
Observed ecological health impacts of L. majuscula blooms in SE Queens-
land include:
- localised seagrass loss;
- poor crab harvests (reported by fishermen) compared with non-L. majus-
cula years;
- significant localised input of bioavailable nitrogen through L. majuscula
nitrogen fixation followed by release of organic and inorganic nitrogen
through decay;
-large beach wracks of decaying L. majuscula emitting a putrid odor
necessitating the removal of the decomposing material by local authorities in
the Deception Bay region.
There are reports of detrimental effects of Lyngbya on mullet and other fish
in aquaculture facilities in Egypt using effluent from an iron crusher factory
(Sadeck et al., 1986).
NITROGEN FIXATION
Nitrogen fixation was assessed in samples of Lyngbya majuscula using the
acetylene reduction assay (Capone, 1996). Rapid rates of nitrogen fixation
were detected in this non-heterocystous cyanobacterium incubated in the
light, but not when incubated in the dark. A mechanism, other than heterocyst
formation, for simultaneous oxygen production and nitrogen fixation by the
oxygen-sensitive nitrogenase enzyme appears to be present in L. majuscula.
Cyanobacteria have a high iron requirement, for:
- ferredoxin in photosystem l, which is invo1ved in non-cyclic photophos-
phorylation to generate ATP for nitrogen fixation;
- both the Fe and FelMo subunits of the nitrogenase enzyme (Postgate,
1987).
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Thus, nitrogen fixation was assayed in response to iron (FeCI3), a chelator
(EDTA), iron + chelator (Fig. 2). The most significant stimulations were with
iron + chelator additions, but the chelator itself also stimulated nitrogen fixa-
tion.
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Figure 2. Results of Lyngbya nitrogen fixation (acetylene reduction) assays with
additions of Fe, Fe + chelator (EDTA), and chelator (EDTA).
POTENTIAL CAUSES OF THE BLOOM
Many interacting environmental and physiological factors can lead to the
development and persistence of nuisance blooms of algae and cyanobacteria
(Paerl, 1988, 1997; Sellner, 1997). Common factors that often lead to such
blooms include: warm weather conditions; high incident light levels;
enhanced nutrient Joading, as weil as availability of essential metals supplied
by terrigenous inputs (Paer! 1988). We hypothesise that Lyngbya majuscula
blooms are most likely related to localised alterations in availability of the
micronutrient iron (Fe), although interactions with nitrogen (N) or phospho-
rus (P) are possible.
Nitrogen has been identified as the major limiting nutrient for phytoplank-
ton, seagrass, macroalgae and mangrove growth in Moreton Bay (Horrocks et
al., 1995; Udy & Dennison, 1997; O'Donohue & Dennison, 1997). There-
fore, it is not surprising to find a proliferation of a nitrogen-fixing organism
under N-limiting conditions. By the same token, however, inorganic N suppl Y
should not significantly Iimit Lyngbya blooms (Paer! et al., 1991).
Phosphorus often becomes a Iimiting nutrient controlling cyanobacterial
growth, as it is essential to supply ATP for the highly energetic demands of
the nitrogen fixation as weIl as other cell functions. Growth of cyanobacteria
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is often directly related to P loading in coastal ecosystems (Paerl et al., 1987).
However, water quality surveys conducted throughout Moreton Bay at the
time of the bloom found low concentrations of P04 throughout the region
around the Lyngbya bloom.
Fe has been shown to be a major limiting nutrient of oceanic phytoplank-
ton, in general (Martin et al., 1990), and cyanobacteria, in particular (Paerl
et al., 1994). Fe has also been demonstrated to be significant in the growth of
Lyngbya majuscula in the southeastem US (Gross & Martin, 1996). Gross &
Martin (1996) suggest that lowering concentrations of Fe available in the
water column would lower photosynthesis and growth of Lyngbya and thus
might control the proliferation of this nuisance organism.
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INTRODUCTION
The commerciallarge-scale culture of cyanobacteria (blue-green algae) is a
relatively new phenomenon, despite the fact that sorne cyanobacteria such as
Nostoc commune and Spirulina spp. have been used as food in Asia and Africa
for a long time (Ciferri, 1983; Martinez, 1988). Commercial large-scale cul-
ture was first developed for Spirulina (s. platensis, S. maxima) for use as a
human health food and nutritional supplement. The first commercial produc-
tion and harvest was in Mexico, and this was soon followed by plants being
established in the USA and Japan, and later in China, India, Thailand, Chile,
Burma, Viet Nam and Israel. Experimental culture plants have also been oper-
ated in many other countries. In India and elsewhere, many nitrogen-fixing
cyanobacteria (i.e. Nostoc, Tolypothrix, Westiella) are also grown and har-
vested for later use as inocula for rice paddies as a natural nitrogen fertilizer
(Subrahmanyan, 1972; Mohapatra & Jee, 1991; Tiwari et al., 1991; Dubey &
Rai, 1995). The symbiotic cyanobacterium, Anabaena azollae is also cultured
together with its host, the aquatic fem Azolla, in parts of Asia where they are
also used as fertilizer (Bunoan et al., 1986). AlI of these cyanobacteria, with
the exception of Spirulina, are terrestrial or freshwater and development of
large-scale culture of marine cyanobacteria is less developed as applications
for these organisms have only been developed in the last decade or so.
Recently, many species of marine cyanobacteria are proving to be excel-
lent sources of novel compounds with pharmacological activities such as anti-
neoplastic compounds (Patterson et al., 1994; Patterson, 1996), antibiotics
(Ramamurthy & Krishnamurthy, 1967; Cardllina et al., 1979; Moore et al.,
1988) and plant growth regulators (Wake et al., 1991, 1992), and it is possible
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that in the near future sorne of these cyanobacteria will be grown commer-
cially as industrial sources of these compounds. Marine cyanobacteria could
also find application as producers of biochemicals such as polyols, (Mackay
et al., 1983; Anon., 1995), polysaccharides (Cohen & Ideses, 1990) and phy-
cobilins (S wanson et al., 1991) and as large-scale sources of fixed nitrogen
(Wang et al., 1991; Kannaiyan et al., 1994). They could also be a source of
renewable energy in the form of hydrogen (Asada et al., 1985; Kuwada &
Ohta, 1987; Kumazawa & Mitsui, 1994) and as CO2 absorbers (Takano et al.,
1992). Marine cyanobacteria are also being developed as feed in aquaculture
(Palaniselvam & Kathiresan, 1996; Subramanian, pers. corn.).
SPIRULINAI CULTURE
Spirulina was the first cyanobacterium grown commercially and is still the
commercially most important cyanobacterium cultured. The first commercial
culture was of Spirulina maxima at Lake Texococo in Mexico (Durand-Chas-
tel, 1980). Here the alga was harvested from the natural population which
grows in the lake. The first truly cultured Spirulina (S. platensis) was first cul-
tivated in Thailand in 1978 (Richmond, 1990) by Siam Aigae Co. Ltd. and in
the USA in 1982 (Jassby, 1988) by Earthrise Farms. Since then many other
Spirulina farms have been established, especially in Asia. AlI of these Spiru-
lina farms use raceway-type ponds where the algae are grown in shallow
ponds of about 20 cm depth mixed by paddlewheels (Belay, 1997), although
simpler systems are also utilised by rural communities in India and elsewhere
(Fox, 1996). This relatively simple open air culture system is possible
because Spirulina grows at high pH (> pH 9.5) with high sodium bicarbonate
concentrations (about 0.2 M). This means that contamination by other algae,
especially Chlorel/a, is minimised. Although the original Spirulina farms
were "freshwater" (the medium contains 1 g L-1 NaCI and 16.8 g L-1 NaHC03),
Spirulina can also be grown in seawater (Materas si et al., 1984; Tredici et al.,
1986; Wu et al., 1993) and there are now several culture plants in the world
where Spirulina is grown in a seawater-based medium.
ûTHER CULTURE SYSTEMS
The raceway cultivation system is however not suitable for most species of
cyanobacteria as they do not grow in such a highly selective environment as
Spirulina. Thus, if marine cyanobacteria are to achieve their biotechnological
potential in areas such as sources of pharmacologically active compounds
(Patterson et al., 1993; Patterson, 1996) or aquaculture feeds then alternative
economicallarge-scale culture systems must be developed.
Although cyanobacteria have been grown in the laboratory in a number of
types of reactors including hollow fibre reactors (Markov et al., 1995) these
systems are unlikely to be economical. Similarly, normal fermenter techno-
1. The correct generic designation for this cyanobacterium is Arthrospira (Tomaselli,
1997), however it is almost universally referred to as Spinûina.
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logy is not economical due to the need to supply light, unless the cyanobacteria
can be grown heterotrophically. Heterotrophic growth has been reported for
several cyanobacteria (e.g. Bastia et al., 1993; Marquez et al., 1993) but has
not yet been utilised in mass production.
Algal culture usually requires light and one of the main problems is the
supply of adequate light to the cultures (Richmond, 1992). It is for this reason
that open culture systems are very shallow. Table 1 summarises sorne of the
principal considerations for a closed algal culture system (see Borowitzka,
1996 for detailed discussion). One of the main challenges in the design of
closed photobioreactors has been to develop a system with a short light path
combined with good rnixing while remaining economical, especiaIly on the
large scale. Many systems have been developed including vat-type reactors
with internaI illumination (Pohl et al., 1988; Ogbonna et al., 1996) and reactors
using internaI fibre optics to supply light (Burgess et al., 1993), however the
most promising systems to date are the flat-plate and tubular photobioreactors.
Table 1. Design consideration for closed photobioreactors.
Problem Approach Solution
Light Need optimum illumi- Use short light path and Use narrow tubes
nation of each cell for optimum cell density Of flat sided vessels
maximum growth (plates)
Tempera- Maintain culture at opti- Need cooling (heating) Can use heat exchan-
ture mum temperature. system gers and evaporative
cooling
Mixing Need good mixing to Require mixing/pum- Can use airlifts
(turbulence) keep cells in suspension ping system compatible or pumps depending
for maximum growth with ceIls upon species
Gas Remove excess O2 and Need effective gas
exchange provide CO2 exchange system
Flat plate reactors are of several types and details can be found in several
papers (e.g. Tredici et al., 1991; Pulz, 1994; Tredici & Zitelli, 1997). The
most interesting and promising version of this reactor type currently is that
developed by Richmond and coworkers (Hu et al., 1996).
Tubular photobioreactors have also been under consideration for many
years (Davis et al., 1953) and a wide range of designs and configurations have
been tested (e.g. Pirt et al., 1983; Chaumont et al., 1988; Richmond et al.,
1993; Grima et al., 1994; Torzillo, 1997). The design most suited for large-
scale culture appears to be the helical tubular photobioreactor. the BIOCOIL,
invented and patented by Robinson et al. (1988).
The BIOCOIL consists of a photostage constructed of 24-36 mm i.d. clear
tubing (usually PVC) wrapped around a cylindrical support. The algal culture
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is circulated through this tubing by means of a pump. For "tough" algae such
as Chlorella and Spirulina this pump may be a centrifugaI pump, a diaphragm
pump, a screw pump or a lobe pump. However, for more delicate algae which
are damaged by shear forces generated in these pumps, an airlift is used to gene-
rate the necessary flow rates without causing cell damage. Since the system is
a "c1osed" reactor there is also the need to remove excess Oz produced by algal
photosynthesis and to supply COz. The airlift serves this purpose, however a
gas exchange tower can also be added. If required, COz can also be added. In
the 700L pilot-scale BIOCOILs in our lab the photostage consists of 12 "wraps"
of tubing in parallel. This is an important feature of the BIOCOIL design
which allows more even flow and a shorter tube length per "pass" of the algae
through the photostage, thus minimising photosynthetically produced Oz build-
up in the tubing. The individual "wraps" of tubing are connected to an inlet and
an outlet manifold and these manifolds are connected to the airlift. Tempera-
ture control in these units is by evaporative cooling. This is achieved by running
water over the surface of the photostage when the culture temperature exceeds
a given set point. The water is collected in a sump at the base of the photostage
from which it is pumped over the surface of the reactor. If necessary, a heat
exchanger can also be added to the system. The cultures can be maintained
unialgal and even axenic. In our system ail Iiquids and gasses entering the
system are filtered through 0.2 !lm filters and ail outlets are structured so that
no contaminants can enter via that route. Before operation the reactor is chemi-
caliy sterilized. Figure 1 shows a schematic diagram of a pilot-scale BlOCOIL
and Figure 2 is a photograph of the pilot scale BIOCOIL. The pilot reactors are
located outdoors with daylight as the only form of illumination.
AIRLIFT
AIR OUT -+-----,
---
---
---
---
---
AIRLIFT AIR IN
PHOTOSTAGE
Figure 1. Schematic diagram of a pilot-scale Biocoil.
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Figure 2. Photograph of one of the 700L pilot scale BIOCOILs located at Murdoch
University showing the photostage. The airlift and manifolds are located behind.
We have successfully grown a number of marine algae in semi-continuous
culture for periods of over 150 days in these photobioreactors. Species grown
include the cyanobacteria Cloeotrichia natans and Spirulina p/atensis, and
the eukaryotic algae lsochrysis ga/bana, Tetrase/mis chuii, T suecica, Skele-
loncma costatum, Chaetoccros spp. and Nannoch/oropsis salina. Culture of
marine cyanobacteria has not yet been attempted. Optimum cell densities
range from 1-3 g dry weight L- 1 although higher cell densities can be achieved.
With most of these species, with the exception of C. natans, sticking of the
algae to the inside of the tubes is not a problem if the fIow rate is adequate and
the algae are not stressed. The preferred ftow rate is about 30-40 cm sec'.
Although no marine cyanobacteria have as yet been cultured in this reac-
tor, but given the experience with Spirulina and other algae in tubular photo-
bioreactors including the BIOCOIL, these reactors should be very suitable as
large-scale commercial culture systems. Economic analyses show that the
BIOCOIL system can compete with alternative culture systems, especiaJly on
the large scale for most algae and cyanobacteria.
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INTRODUCTION
Unicellular cyanobacteria of the genus Synechococcus are abundant and
widely distributed in the marine environment, occurring in both coastal and
open ocean regions. These Synechococcus are classified into subgroups on
the basis of certain physiological characteristics, including accessory pigment
types and growth requirements (Waterbury et al., 1986; Waterbury & Rippka;
1989). Among these is a group, Marine Cluster A (MC-A), which is charac-
teristic of shelf and open ocean environments. Synechococcus MC-A possess
a number of properties which distinguish them from freshwater and halotolerant
coastal species (Waterbury, et al., 1986; Waterbury & Rippka, 1989). They aIl
contain phycoerythrin as their major light-harversting pigment and possess
elevated growth requirements for Na+, Cl-, Mg++, and Ca++. Furtherrnore,
these strains have the ability to acquire major nutrients and trace metals at the
submicromolar concentrations found in the oligotrophic open ocean, and a
number of them are capable of swimming by a unique mechanism that
remains mysterious (Waterbury, et al" 1985). Furthermore, Synechococcus
MC-A are abundant in open ocean regions and contribute significantly to pri-
mary production in those environments (Iturriaga & Mitchell, 1986; Water-
bury et al., 1986).
Because of these unique properties, Synechococcus of marine cluster A
have been the subjects of numerous studies ranging from their ecology to the
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molecular biology of their unique adaptations to the marine environment
(reviewed in CaIT & Mann 1994). In particular, molecular approaches have
been used to address nutrient acquisition (Collier & Palenik, 1996; Lindell et al.,
1998; Scanlan et al., 1993; Watson et al., 1996), light harvesting (Delorimier
et al., 1992; Newman et al., 1994; Wilbanks & Glazer, 1993a, b), CO2 fixa-
tion (Watson & Tabita, 1996a), and motility (Brahamsha, 1996a). In order to
extend these studies to allow for the manipulation of various genes of interest,
it has been necessary to develop methods of gene transfer and mutagenesis in
Synechococcus spp. MC-A.
A large number of tools are available for the genetic analysis of cyanobac-
teria and these are the subject of an excellent and comprehensive review by
T. Thiel (Thiel, 1994). Below, 1 review how sorne of these tools have been
applied to Synechococcus MC-A and also discuss areas which are in urgent
need of further development.
PLATING
The genetic tools described below were developed as part of an effort to
address the mechanism of swimming motility at the genetic and molecular
levels. As a first step, it was necessary to obtain isolated colonies at high fre-
quencies, and also to have a means of distinguishing between motile and non-
motile strains, thereby allowing a visual screen for motility mutants. For this,
the pour plating technique, in which cells are embedded and grown in soft
(0.3%) agar has proven very useful (Brahamsha, 1996a). High plating effi-
ciencies, in the order of 70 to 100%, have been obtained for Synechococcus
sp. strains WH7803, WH8102, and WH8103 (Brahamsha, 1996b). In addition,
this plating technique also works well for Red Sea strains of Synechococcus
(D. Lindell, personal communication), as well as for several Synechococcus
strains isolated from the Califomia CUITent (B. Brahamsha, unpublished;
B. Palenik & G. Toledo, personal communication, and Toledo & Palenik,
1997). Furthermore, in pour plates, motile strains form diffuse colonies which
are easily distinguished from the compact ones produced by non-motile
strains (Brahamsha, 1996a) and this has proven useful in the isolation of
several motility mutants of Synechococcus sp. strain WH8l 02 (B. Braham-
sha, unpublished). The plating efficiency in pour plates for WH7803,
WH8102, and WH8103 is about an order of magnitude higher than that
obtained when cells are spread on the surface of agar plates (Brahamsha,
1996a). The reasons for this are not understood but possibly reflect a sensitivity
to dessication and may account for the difficulties reported by other workers
in the plating of these organisms (Carr & Mann, 1994).
Another use of the pour-plating technique is for rendering Synechococcus
strains clonaI. Seriai dilutions of an enrichment culture are plated in pour
plates. Well-isolated colonies are picked, allowed to grow in liquid, and
replated two or three more times for isolated colonies. In this way, several
clonai isolates of Synechococcus from various enrichments of water from the
Califomia CUITent have been obtained (Toledo & Palenik, 1997; B. Braham-
sha, unpublished). Again, the advantage of the pour plating technique for this
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application has been its greater efficiency at aIlowing isolated colonies to
grow. In my experience, direct streakings from enrichments usuaIly take
longer to grow (3 weeks instead of 10 to 14 days) and either do not result in
weIl-isolated colonies of Synechococcus, or result in colonies that are so
smaIl that they are difficult ta pick.
The pour plating technique is not usuaIly useful for bringing cultures to
axenicity. If the contaminants are motile flageIlated bacteria, and they often
are in my experience, they are able ta spread quite quickly through the soft
agar. By the time the cyanobacterial colonies appear, usually in 10-14 days,
they are surrounded by other bacteria. A much better way of cleaning up Syne-
chococcus cultures is by streaking on SN plates containing 0.6% agar, as has
been described by Waterbury & Willey (1988). In my hands, this streaking
technique has worked quite weIl for the purification of Synechococcus strains
isolated form the California Current (Synechococcus sp. strains Mot 2,
CC9311, and CC960S).
GENE TRANSFER
The methods of gene transfer that have been used in cyanobacteria include
transformation, conjugation, and electroporation (reviewed in Thiel, 1994).
To my knowledge, electroporation has not been attempted in Synechococcus
species of MC-A, nor have any systematic attempts been made to transform
these species. Conjugation has been used to introduce DNA from E. coli to a
wide variety of cyanobacteria (Elhai & Wolk 1988a; Thiel 1994), including
certain coastal marine species (Sode et al., 1992), and has proven useful for
extending genetic analysis to strains that are non-transformable (Tsinoremas
et al., 1994).
Conjugation is the transfer of DNA from a donor ceIl to a recipient and
requires ceIl to ceIl contact. The process is mediated by a conjugative plasmid
which encodes the conjugal apparatus. The broad host-range Pseudomonas
conjugative plasmid RP4 and its derivatives have been traditionaIly used in
matings between E. coli and cyanobacteria (Elhai & Wolk, 1988a; Thiel &
Wolk, 1987; Thiel, 1994), and are capable of mobilizing, or promoting the
transfer of other plasmids such as replicating and suicide vectors. To deter-
mine whether conjugation would serve as a method of gene transfer, these
techniques were applied to three strains of Synechococcus MC-A (Brahamsha
1996b). Biparental matings were carried out between E. coli containing both
the RP4 derivative pRK24 and pRLlS3, and Synechococcus spp. strains
WH7803, WH8102, and WH8103. pRLlS3 encodes kanamycin resistance
and is a derivative of the broad host-range plasmid RSflOlO, derivatives of
which have been shown to replicate in a variety of unicellular cyanobacteria
(Kreps et al., 1990; Mermet-Bouvier et al., 1993; Sode et al., 1992). The
conjugation efficiencies in aIl three cyanobacterial strains were comparable
and in the order of 10-3 (Brahamsha, 1996b), indicating that conjugation is
indeed a useful means of introducing DNA into at least three species of Syne-
chococcus MC-A. Recently conjugation has also been used successfuIly to
introduce pRLlS3 into a fourth strain, WH780S (B. Brahamsha, unpub-
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lished), and to introduce a construction made to inactivate the ureC gene in
this strain (Collier, Brahamsha, Palenik, submitted).
ln order to transfer sorne other plasmids, such as the pBR322 derivative
pMUTlOO (see below), it is necessary to use a helper plasmid in addition to
the conjugative plasmid. This is because pBR322 lacks the mob gene which
encodes a DNA-nicking protein essential for transfer (Elhai & Wolk, 1988a).
This function is provided by the helper plasmid. The helper plasmid that has
been used to date with Synechococcus spp. MC-A is pRL528 (Elhai & Wolk,
1988b). This plasmid was initially constructed to overcome restriction barriers
in Anabaena sp. strain PCC7120 and encodes the Aval and the Eco4711 methy-
lases. Based on the results obtained with transfer of the the RSF1010 derivative
pRL153, restriction does not appear to pose a problem with Synechococcus
spp. MC-A and so in principle it should be possible to use other helper plas-
mids. One such plasmid that 1am planning to test shortly is pRL542 (Elhai et
al., 1997).
TARGETED MUTAGENESIS
One of the most powerful tools in the study of a gene's function is the ability
to inactivate il. In cyanobacteria, chromosomal recombination has been used
to target specifie genes for mutagenesis. The types of mutations have ranged
from insertional inactivation to total deletion of the gene (reviewed in Thiel,
1994).
One way of insertionally inactivating a gene is through a single homolo-
gous recombination evenl. The strategy for this is illustrated in Fig. 1. A small
internaI fragment of the gene to be inactivated is cloned into a suicide vector
(a plasmid that can be transferred into but cannot replicate in a cyanobacte-
rium) and this construction is conjugated into the cyanobacterium. Selection
is applied for the antibiotic marker on the suicide vector which, in the case of
pMUT100 (Brahamsha, 1996b), is kanamycin. If the cloned fragment is com-
pletely internaI to the gene, then a single homologous recombination event
between the cloned fragment and its counterpart on the chromosome will
result in duplication and truncation of both copies and hence inactivation of
that gene. As long as selection for the plasmid-encoded antibiotic resistance
is maintained, the insertion remains in the chromosome. Using this technique,
several genes have been insertionally inactivated in two strains of Synecho-
coccus MC-A. In strain WH81 02, these include the swmA gene, a cell-surface-
associated glycoprotein required for the generation of thrust (Brahamsha,
1996b), rsfA, which encodes a putative glycosyltransferase required for SwmA
function (Brahamsha, 1998), and ureC, which encodes one of the subunits of
urease (J. Collier, B. Brahamsha, B. Palenik, submitted). In strain WH7805,
ureC has been inactivated (J. Collier, B. Brahamsha, B. Palenik, submitted).
At times, it may be desirable to construct complete gene replacements, or
deletions in a particular area of the chromosome. For this, constructions in
which double crossover events take place are useful. For such constructions,
the cassette conferring antibiotic resistance is cloned in the coding sequence
of the gene of interest, either inserted at a restriction site within the gene, or
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Figure 1. Strategy for inactivation of a gene by integration of a suicide vector
containing a restriction fragment internai to the gene. The top line represents the
chromosome and the filled box with the arrow is the coding sequence of a gene, with
the direction of transcription indicated by the arrow. R.S. indicates the position of a
restriction site. The gray box in the suicide vector represents the cloned internaI
fragment of the gene to be inactivated. Kan represents the gene encoding resistance
to kanamycin. The bottom line represents the chromosome following integration of
the vector through a single homologous recombination event.
completely replacing a restriction fragment of the gene, or area of the chromo-
some. Sequences tlanking the cassette allow for recombination. The construc-
tion is then cloned into a suicide vector, conjugated into the cyanobacterium,
and selection for the particular antibiotic resistance is applied. Recombina-
tion can occur on either side of the cassette, or can occur on both sides as a
double crossover. Antibiotic resistant transconjugants are then screened by
Southerm hybridization for restriction patterns indicative or either single or
double crossovers. In the unicellular cyanobacterium Synechococcus sp.
strain PCC7942 double crossover events predominate when constructions are
introduced by conjugation (Thiel, 1994), while in the filamentous cyanobac-
terium Anabaena sp. strain PCC 7120, single crossovers are the rule. How-
ever double crossovers, although rare, can be selected for by use of a negative
selection vector containing sacB (Cai & Wolk, 1990).
To date, ail inactivations in Synechococcus MC-A have been made with the
use of pMUTlOO and so it has not been possible to assess the relative fre-
quencies of single and double-crossovers. 1 am planning to address this ques-
tion in WH8102, using swmA as a mode!.
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FUTURE DIRECTIONS
The genetic system presented above is fairly rudimentary and a number of
advances will be necessary in order to allow more sophisticated genetic
manipulations in these organisms.
SELECTABLE MARKERS
The first priority will be to develop the use of selectable markers other than
kanamycin. Examples of situations where more than one marker is needed
include the construction of double mutants, as weIl as the complementation
of a mutation created by insertion of one of the markers. Once again, it should
be possible to draw on already existing tools developed for use in other
cyanobacteria. A number of antibiotics, and their resistance determinants,
have been used successfully in a wide variety of cyanobacteria. These include
ampicillin, chloramphenicol, erythromycin, spectinomycin, and streptomycin
(Houmard & Tandeau de Marsac, 1988; Thiel, 1994). Synechococcus sp.
strain WH7803 is sensitive to chloramphicol and ampiciIlin at concentrations
of 1 Ilg 1- 1 in liquid SN medium, and to spectinomycin at a concentration of
5 Ilg 1-1• For Synechococcus sp. strain WH8103, the ampicillin and spectino-
mycin values are comparable, and the value for chloramphenicol has not been
determined yet. Given these sensitivities, the use of resistance genes for these
antibiotics as selectable markers is in principle possible in marine Synecho-
coccus. In practice, ampicillin may not be the marker of choice in construc-
tions introduced by conjugation. ~-Iactamase is a secreted enzyme, and since
the E. coli donor may persist for a while, it could secrete sufficient ~-Iacta­
mase into the medium to breakdown the ampicillin, thereby eliminating
selection for exconjugants. This may be a particular problem given the low
ampicillin concentrations that must be used.
RANDOM MUTAGENESIS
One of the most fruitful approaches to the study of a biological question is
through the isolation and analysis of mutants. Chemical, ultraviolet, as weil
as transposon methods of mutagenesis have ail been used successfuIly in both
filamentous and uniceIlular cyanobacteria (Golden, 1988; Thiel, 1994).
Because of the facility with which the genes of interest can be identified and
retrieved, methods that result in "tagged" mutations have been used increas-
ingly in recent years. Two such methods are described here. Transposons in
particular are very useful mutagens because they result in a single, "tagged"
mutation which allows for the quick and direct recovery of the gene of inter-
est. Derivatives of Tn5, in which the native aph (for aminoglycoside 3' -phos-
photransferase) gene which confers resistance to kanamycin and neomycin, is
driven by the strong Amaranthus hybridus psbA promoter work weIl in Ana-
baena sp. strain PCC7120 (Wolk et al., 1991) as weB as in Synechococcus sp.
strain PCC7942 (Andersson et al., 1998) where it is being used as the muta-
gen of choice in the isolation of mutants affected in circadian rhythms
(S. Golden, personal communication). Initial attempts to obtain transposition
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of Tn5 in Synechococcus sp. strain WH7803 were largely unsuccessful
(B. Brahamsha, unpublished) although no systematic attempts to optimize
conditions were made. Given the great utility of transposons as genetic tools,
and given the fact that derivatives of Tn5 work weIl in other cyanobacteria,
their use in Synechococcus spp. MC-A should definitely be revisited.
Another method which has recently been used in cyanobacteria is that of
random insertional mutagenesis (Dolganov & Grossman, 1993; Sultemeyer
et al., 1997; Tsinoremas et al., 1994). The principles ofthis method, which is
based on homologous recombination, are the same as those outlined above
for targeted mutagenesis. The difference is that a genomic bank of restriction
fragments, rather than one specific fragment. is constructed in the suicide
vector. Random insertional mutagenesis, which works weIl with a bank intro-
duced either by transformation (Dolganov & Grossman, 1993; Sultemeyer et
al., 1997), or by conjugation (Tsinoremas et al., 1994), has been used for the
isolation of filamentous mutants of Synechococcus sp. strain PCC7942
(Dolganov & Grossman, 1993), and of mutants impaired in COrconcentrat-
ing mechanisms in the coastal marine cyanobacterium Synechococcus sp.
strain PCC7002 (Sultemeyer et al., 1997). This recombinational method has
also been used in the complementation of a histidine auxotroph of Synecho-
coccus sp. strain PCC7942 obtained by chemical mutagenesis (Tsinoremas
et al., 1994). For this last application, a bank of larger restriction fragments
should be constructed to ensure that either the entire gene or its 5' or 3' ends
are cloned. Random insertional mutagenesis shares sorne of the advantages of
transposon mutagenesis: it results in a single, tagged insertion that is easily
rescued, and it is in principle random. The only limit on the sites of effective
integration is the distribution, on the chromosome, of the restriction sites for
the enzyme that is chosen to construct the bank. If a gene does not contain
those particular restriction sites, or if it contains only one site, it will escape
inactivation. The disadvantages of this method are that it is more laborious
because a bank of fragments must be constructed in the suicide vector. In
addition, it is possible that during construction of the bank one or more unre-
lated fragments williigate to one another which means that in order to char-
acterize the resulting mutation, it is necessary to determine which of the
fragments participated in the recombination process by identifying the dupli-
cated region. In principle, this couId be circumvented by phosphatasing the
inserts and ligating them into a vector, such as pRlA98 (Elhai & Wolk,
1988b) for example, that positively selects for inserts.
This method has been applied to oceanic Synechococcus sp. strain
WH7803, WH8102 and WH 8103 (Brahamsha, 1996b). When banks consis-
ting of Sau3A fragments of genomic DNA c10ned in the suicide vector
pMUTl00 are introduced in these strains by conjugation, kanamycin resistant
exconjugants are obtained which harbor single insertions at different sites in
the chromosome (Brahamsha, 1996b), suggesting that this method could be
of utility as a mutagenesis too!. 1 am currently in the process of applying it to
the isolation of motility mutants ofWH8102.
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REPLICATING PLASMIDS
In the initial effort to demonstrate conjugation in certain strains of Synecho-
coccus MC-A, pRL153, a derivative of the broad host range plasmid RSFlOlO
was used (Brahamsha, 1996b). This was because efforts to detect plasmids in a
number of Synechococcus MC-A strains (WH 7803, WH8011, WH8103, and
CC9605) were unsuccessful (H. Brahamsha, unpublished). To my knowledge,
no systematic effort has been made to survey ail of the more than 30 axenic
strains of Synechococcus MC-A for plasmid content. Endogenous plasmids are
useful as a source of an origin of replication for the construction of shuttle vec-
tors capable of replicating both in the cyanobacterium and in E. coli, In cyano-
bacteria, replicating plasmids have been used for the complementation of
mutations generated by chemical means, as weil as for the introduction of for-
eign genes and are useful when multicopy expression is desired (Thiel, 1994).
Derivatives of the broad host-range plasmid RSFlOlO have been used in a
variety of cyanobacteria (Kreps et al., 1990; Mermet-Bouvier et al., 1993;
Sode et al., 1992; Thiel 1994). The fact that one such derivative, pRL153,
replicates in three strains of Synechococcus MC-A suggests that RSFlOI0-
derived plasmids may be useful for genetic analysis in these organisms. A
variety of RSFlOlO-based plasmids have been constructed and these range
from cosmids (Frey et al., 1983) to promoter probe vectors (Marraccini et al.,
1993). 1 have begun testing sorne of these vectors for use in Synechococcus
MC-A. Preliminary results indicate that the cosmid vector pMMB33 (Frey et
al., 1983) replicates in Synechococcus WH7803 but is unstable in Synecho-
coccus spp, strains WH8102 and WH8103. The reasons for this are not under-
stood and are currently being investigated.
REPORTERS
Reporter genes which have been used successfully in other cyanobacteria
to study gene expression include B-galactosidase (lacZ), bacterial luciferase
(luxAB), and chloramphenicol acetyltransferase (cat) (reviewed in Thiel
1994). Furthermore, green fluorescent protein, or OFP (Cha1fle et al., 1994),
has been used successfully in Anabaena sp. strain PCC 7120 to study the
expression of the hetR gene in single cells (Buikema & Haselkom 1995).
What makes OFP particularly attractive is that its use can be combined with
that of flow cytometry (Tombolini et al., 1997), and in fact mutant forms of
the protein have been optimized for use with a flow cytometer (Cormack et
al., 1996). Potential applications could include sorting cells expressing a par-
ticular trait, or following a particular GFP-tagged population in competition
experiments, for example.
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INTRODUCTION
Spirulina maxima is a cyanobacterium cultivated extensively as a protein-
rich material for application as a human food, feed supplement for animaIs of
economic importance or in industry for blue pigments. Its protein content
ranges from 60 to 77% according to strain with a suitable amino acid compo-
sition, except for a slight deficiency in sulphur amino-acids.
Although S. maxima represents a new, unconventional source of proteins,
which is already commercially distributed, detailed preclinical and clinical
evaluation is nevertheless necessary to prove satisfactorily the harmlessness
of the product. This paper is a compilation of the toxicity studies in rodents,
carried out in our laboratory with S. maxima.
MATERIAL AND METHODS
S. maxima was provided by the manufacturer (Sosa Texcoco Company,
Mexico City). It was spray-dried and of a standarized quality, being part of a
bulk production batch. Four diets, containing S. maxima at 0 (control), 10,20
and 30% concentration (w/w) were freshly prepared every two weeks. Rats,
mice and hamsters were used for different studies, respectively. The animaIs
were housed in cages in an air-conditioned room (22 ± 1°C, 50-60% relative
humidity) with artificial illumination between 09:00 and 21:00 LT. The proto-
cols (duration of dosing, route of administration, and methods of examina-
tian) were based on international guidelines for toxicity studies (Protein
Advisory Group of the United Nations Systems (PAG), 1974; Guideline on
Detection of Toxicity to Reproduction for Medicinal Products, 1993).
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Subchronic study
The diets were fed to groups of 10 rats of each sex for 13 weeks. The ani-
maIs were weighted at weekly intervals. The food consumption of each cage
of animaIs was measured. The rats were allowed food and water ad libitum.
Blood samples were collected from the retro-orbital sinus on week 12 and
were examined for haematology and clinical chemistry. Urine analysis was
carried out. An autopsy was performed during which any macroscopic abnor-
malities were noted. Samples of sorne organs were preserved in 10% neutral
buffered formalin. Paraffin-wax sections 5 f.lm-thick were stained with hae-
matoxylin and eosin for microscopie examination.
Chronic study
For chronic study S. maxima was given for 86 weeks to groups of 20 male
and 20 female rats. Similar parameters as the subchronic study were evaluated.
Teratogenic study in rats, mice and hamsters
The alga was administered in the diet on days 7-14,1-14 and 1-21 of ges-
tation for rats, 7-13,1-13 and 1-19 for mice and, 7-11,1-11,1-14 for ham-
sters. The dams were sacrificed prior to term, and the foetuses examined for
extemal, visceral and skeletal abnormalities.
REPRODUCTION AND PERI- AND POSTNATAL DEVELOPMENT IN RATS AND
MICE. Males were fed diets for 9 wk while females were fed diets for 2 weeks
before mating. For females, feeding continued during the mating period, ges-
tation and for sorne (50%) until weaning of pups (day 21 after delivery); diets
and tap water were available ad libitum.
During the study, the following were recorded: clinical signs and deaths,
body weight, mating performance, pregnancy rate and duration of gestation.
Ten of the females from each group were killed on day 20 of pregnancy; the
remaining pregnant animaIs were inspected twice a day for the initiation of
parturition (the day of birth was designated postnatal day 1). After being
killed, the ovaries and uteri were examined to determine number of carpara
lutea and implantations. The number and weight of live fetuses, the number
of dead fetuses and resorptions also were recorded. A visceral and skeletal
examination of foetuses was performed. The remaining females were allowed
to give birth and development of the pups was monitored. Sex was deter-
mined on the day of birth; viability and body weight were determined. Pups
also were examined to determine the age at which sorne developmental markers
were attained.
For post-natal study four groups, each containing 10 pregnant females,
were used in this phase of the study. S. maxima was given from gestation day
17 until day 21 post partum. Pregnancy rates, duration of gestation and partu-
rition status were recorded. After birth (F1 generation), the numbers of viable
and dead newbom were counted in each litter; the pups were sexed, and body
weight and development were assessed as in the fertility study. At approxi-
mately 10 weeks of age, the reproductive performance was assessed by
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mating of males with females from the same treatment group. Foetuses in the
F2 generation were examined for survival, weights, and external, visceral and
skeletal anomalies. Uteri were examined for implantations and resorptions
recorded.
Mutagenic studies in rats and mice
Four groups of ten male rats (250-280 g) were used. One group (control)
was untreated, while the other groups received S. maxima diets for five days
per week for ten consecutive weeks. Two untreated virgin female rats were
housed with each male for one week one day after the last day of treatment.
This procedure was repeated twice with new females. AlI females were kilIed
by cervical dislocation on day 14 of gestation. A laparatomy was performed
exposing the uteri and ovaries. The number of implantation, corpora lutea,
live embryos and early or late deaths were recorded.
A similar study was carried out in mice. Short-term (5d) and prolonged-
term (5d/week, for 10 weeks) feeding, was folIowed by mating with untreated
adult virgin females.
RESULTS AND DISCUSSION
Subchronic and chronic toxicity
Body weights of the test animaIs were slightly lower than in the control in
both sexes. This was accompanied by a slightly lower food consumption. No
effects on haematology, semi-quantitative analysis of urine, serum chemistry
or histological examination could be attributed to treatment. It was concluded
that S. maxima up level of 30% in the diet of rats did not produce toxic effects
(Chamorro et al., 1988).
In the chronic study, body weights of treated animaIs were similar to those
in the control groups. No adverse effects on haematology and no changes on
serum biochemistry were noticed on week 84. There were no obvious inter-
group differences in macroscopic or histopathological findings (Chamorro
et al., 1988).
Teratogenic study in rats, mice and hamsters
MaternaI and fetal weights in three species of animaIs were not affected.
Neither fetotoxicity nor teratogenicity was associated with the dietary inges-
tion of S. maxima. These results indicate that the feeding of pregnant animaIs
with algae, up to a dietary level of 30 g/l 00, did not evoke any signs of embryo-
toxic effects (Chamorro et al.. 1996).
REPRODUCTION AND PERI- AND POSTNATAL DEVELOPMENT IN RATS AND MICE.
Treatment was not associated with any adverse effect on any measure of
reproductive performance, including male and female fertility and duration
of gestation. There was no increase in the number of abnormal pups at cesarean
section or at birth. S. maxima consumption did not result in adverse effects on
developmental markers of the pups (Salazar et al.. 1996).
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In mice, treatments were not associated with any adverse effect on repro-
ductive performance, pregnancy rate, number of corpora lutea, resorptions or
number of live or dead fetuses. There was no increase in the number of abnor-
mal pups at caesarean section. Length of gestation, parturition status, and
!itter values were unaffected by treatment. However, there was a statistically
significant reduction in bodyweight and survival rate on postnatal days 0-4 at
the high dose group in the peri- and postnatal study. The reproductive per-
formance of FI generation was normal in ail groups, We concluded that
S. maxima is not toxic to reproduction (Chamorro et al., 1997).
Mutagenic studies in rats and mice
Examination of uteri and ovaries of pregnant rats and mice on day 14 of
gestation for counting pre- and post-implantation losses failed to reveal ger-
minal mutations of the dominant lethal type (Salazar & Chamorro, 1990).
CONCLUSIONS
Overall, therefore, the results of these studies indicated that S. maxima
feedings at levels of 10, 20 and 30%, produced no changes of toxicological
significance in any of the performed studies (Becker, 1994). The S. maxima
levels tested represent exaggeration over any anticipated human consumption
(Chamorro et al., 1996).
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ABSTRACT
Oysters obtain energy resources by filtering rnicroalgae (= 5 to 100 llm).
However, picoplankters « 2 llrn) are not efficiently retained by oyster filtra-
tion. In sorne coastal oyster habitats, the phytoplanktonic production cannot
entirely account for the requirements of oysters. In the turbid bay of
Marennes-Oléron and in coastal oyster-rearing ponds (French Atlantic coast),
the pelagic prirnary production is light or nutrient-limited. In Polynesian
lagoons devoted to pearl oyster-rearing, more than 60% of the phytoplank-
tonic biornass and production cornes from cyanobacteria, cells in a size-range
unavailable for oysters. Protists, as both micro-sized cells and grazers of bac-
teria/cyanobacteria, may represent a major interrnediary in trophic transfer
between picoplankton and filter-feeding metazoa. In order to evaluate the
importance of protists as food resource for oysters, we offered thern a clonaI
population and a natural comrnunity of protists from a coastal pond. The cili-
ate Uronema was maintained on a cyanobacterial prey and labelled, using
Synechococcus as an autoftuorescent biomarker. We observed nearly 90%
retention of protists and a significant ingestion of labelled ciliates by oysters,
supporting the role of protists as a realistic trophic link between picoplankters
and filter-feeding bivalves.
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INTRODUCTION
Oysters obtain energy resources by filtering microalgae (= 5 to 100 Ilm)
from sea water. Picoplankters « 2 Ilm), which are main effectors of coastal
energy flow and matter cyc1ing (Waterbury et al., 1979; Platt et al., 1983; Li
et al., 1983; Glover et al., 1986), are not efficiently retained by oyster filtra-
tion (Shumway et al., 1985; Héral, 1987; Barillé et al., 1993). However, in
sorne environments of the French Atlantic coast (<p 46°10', G 01°14'), such as
the oyster-rearing bay of Marennes-Oléron (a particularly light-limited turbid
estuary) or in Charente oyster rearing ponds (where nutrients are quickly
exhausted), the phytoplanktonic production cannot entirely account for the
energy requirements of the oyster Crassostrea gigas (Héral, 1987). Similarly,
the pearl oyster, Pinctada margaritifera flourishes in Polynesian lagoons,
where cyanobacteria represent more than 60% of the phytoplanktonic biomass
and production (Charpy, 1996; Charpy & Blanchot, 1998). The linked concepts
of "microbialloop" and "protozoan trophic link" have been very wel1 docu-
mented in filter-feeding microzooplankton, such as copepods (Berk et al.,
1977; Porter et al., 1979; Sherr et al., 1986b), but have not been applied to
energy transfer to benthic suspension-feeding macrofauna: ciliate protozoa as
both micro-sized cells (= 5 to 100 /lm) and grazers of bacteria/cyanobacteria
(Berk et al., 1976; Johnson et al., 1982; Caron et al., 1991; Bernard & Rassoul-
zadegan, 1993; Ferrier-Pagès & Gattuso, 1998), may represent a major
intermediary in trophic transfer between picoplankton and metazoa.
We investigated the possible contribution of the microbial food web to the
nutrition of a filter-feeding bivalve, the oyster. Experimental evidence of
oyster grazing on ciliate protist is presented here via a model system simulat-
ing a simplified food web: picoplankton => ciliate => oyster, using (i)
Uronema, a cultured ciliate and (ii) a natural ciliate community, ciliate pro-
tists all being in the size range of phytoplanktonic cel1s that oysters usually
feed upon. The influence of oyster filtration was studied by comparing the
evolution of ciliate abundances in triplicate 400 ml suspensions, with or with-
out an oyster.
PREDATION BY OYSTERS OF A CLONAL POPULATION
OF THE CILIATE PROTIST URONEMA
Uronema (25 ± 3.5 /lm in length) was maintained on a diet of the cyano-
bacteria Synechococcus (ROSC04 strain). The experimental ciliate suspen-
sion was regulated at a concentration in the range of the natural abundance
and offered as potential prey to oysters. Enumeration of ciliates and measure-
ments of biovolumes were performed on alkaline Lugol preserved samples
(Sherr et al., 1989) in Nageotte counting cells or Utermohl settling columns,
according to the expected concentrations. At the time of the experiment,
11860 ± 870 ciliates 1- 1 (n = Il) were enumerated in the oyster pond. In the
3 control homogenized ciliate suspensions, the Uronema concentration (8.8
± 0.7 x 103 cells 1- 1) remained constant for 20 minutes. When an oyster was
present in the 3 experimental trays, the bivalve filtration triggered an 88 ±7%
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decrease in ciliate abundance within 20 minutes (Fig. la). Moreover, a com-
parison between the protist concentration in the inhalant versus exhalant
siphon showed an 85 ± 9% (n =3) decrease in Uronema abundance after a
single passage through the gill.
However, a clonaI protist population may not be representative of a natural
consortium: a second grazing experiment was carried out on a natural ciliate
community from a nearby salt oyster rearing pond.
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Figure 1. Retention by Crassostrea gigas of cultured Uronema (a) and of a ciliate
natural consortium (b). Data (± SD) were collected from 6 separate experiments,
performed in 400 ml ciliate suspensions without or with an oyster.
PREDATlON BY OYSTERS OF A NATURAL CILlATE
CONSORTIUM FROM AN ATLANTIC COASTAL POND
The natural planktonic community provided as potential prey to the experi-
mental oysters was at the concentration of 25 ±3.9 x 103 ciliates 1-1. The
ciliate consortium was studied on triplicate samples stained live using profla-
vine hemisulfate (Sigma 0.66%0), and preserved by glutaraldehyde (Sherr et
al., 1994). Ciliate taxons were enumerated and identified in Utermôhl settling
chambers under combined epifluorescence (under blue-light excitation) and
interference contrast illumination (magnification: x 400 or x 630). Sizes of
al! cells (length and width) were measured through a calibrated ocular
micrometer. The mean cel! volume of each ciliate taxon was calculated by
equating the shape to standard geometric configurations. The œIl volume was
converted into carbon units, using a theoretical carbon/volume ratio of
0.17 pg Carbon (C) l.lm-3 (Putt & Stoecker, 1989), corrected for glutaralde-
hyde fixative, according to Leakey et al. (1994).
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In the 3 control suspensions, ciliate abundances remained constant for
15 minutes. In the 3 experimental trays with filtering oysters, ciliate abun-
dances decreased by 93 ±5% within 15 minutes (Fig. l-b). On average, in our
experimental Atlantic oyster pond, oysters retained 5.6 x 1()4 ciliate cells h-1g-1
dry weight, which represent in terms of carbon 126 /.lg ciliate carbon h-1g-1,
4 times higher than that reported for phytoplankton (Fiala-Medioni et al.,
1983).
To make sure that the disappearance of ciliates in the suspensions did not
result from the destruction of those fragile organisms against the bivalve gills,
we investigated the possible ingestion of protists by oysters.
INGESTION OF CILlATES BY OYSTERS
The fate of protists in the oyster gut was studied through ciliate labelling,
using cyanobacterial prey as autofluorescent biomarkers. Starved Uronema
were fed a Synechococcus suspension at a natural 6 x 105 cells m1- 1concen-
tration: ciliates were soon intensely labelled by their cyanobacterial prey, as
observed by epifluorescence microscopy under blue-light excitation (Fig. 2-a).
Oysters were offered 2 experimental sea water solutions: (i) a Synechococcus
suspension at a 6 x 105 cells ml-1 concentration and (ii) a suspension of
Uronema (iabelled with previously ingested cyanobacteria) at a 5 x 103 cells
ml-1concentration. Half an hour later, oysters were dissected and their stom-
ach content filtered on to a black 0.2 /.lm Nuclepore membrane. Epifluores-
cence microscopic examination revea1ed that cyanobacterial cells alone were
poorly retained and non selectively ingested (Fig. 2b), whereas the biomarked
Uronema were intensely ingested by the oyster, as shown by the large
amounts of residual ciliate membranes (Fig. 2c).
DISCUSSION
This experimental study demonstrates a significant retention and ingestion
by a filter-feeding bivalve of a cultured ciliate population and of a natural
ciliate community. Likewise, mussels were shown to assimilate carbon from
picoplanktonic bacteria via cu1tured heterotrophic flagellates (Kreeger &
Newell, 1996).
Protists are a major component of the coastal zooplankton in terms of
abundance, as weil as biomass (Revelante & Gilmartin, 1983; Sherr et al.,
1986a; Fenchel, 1988; Leakey et al., 1992) and appear to be efficient grazers
of bacterialcyanobacteria (Rassoulzadegan, 1993; Caron et al., 1991; Ferrier-
Pagès & Gattuso, 1998). In a growing culture of Synechococcus, the ciliate
Uronema can ingest and metabolize the cyanobacteria, as proven by the dras-
tic decrease in Synechococcus abundance and the observation of the process-
ing of cyanobacteria in food vacuoles through successive phases of enzymatic
digestion (Johnson et al., 1982). Likewise, autoradiographic studies using
14C -labelled cyanobacteria revealed that nanop1anktonic protists effectively
metabolize the cyanobacteria (Iturriaga & Mitchell, 1986). Previous studies
also reported that protists grew with short generation times and high gross
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Figure 2. Ingestion of the ci 1iate Uronema by
the oyster Crassoslrea gigas. Epi Auorescence
microscopic observation of A: Uronema
labelled by its cyanobacterial prey, Syne-
chococcus. B: Stomach content of an oyster
filtrating a Synechococcus suspension. C: mem-
brane residues of Uronema in the stomach of
an oyster filtrating a previously biolabel\ed
ciliate suspension. ScaIe bar = 10 ~m.
See coIor plates at the end of the volume.
growth efficieocies (Parker, 1976; Sherr & Shen, 1987; Ohman & Snyder,
1991). Such fast growth rates are obviously advantageous and enable them to
respond quickly and efficiently to a picoplanktonic bloom, thus convel1iog
this picoplanktonic biomass into nanoparticles, a size range potentially avail-
able for filter-feeding metazoa grazing on protists: bivalves (Kreeger &
Newell 1996; Le Gall el al., 1997), copepods (Berk el al., 1977; Porter el al.,
1979), corals (Ferrier-Pagès & Gattuso, 1998) or fish larvae (Lessard et al.,
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1996). On the contrary, sponges directly graze on picoplankton and represent
a different ecological niche in terms of trophic selectivity. For next years, our
aim is to evaluate the contribution of this protist link to oyster energy require-
ments in Atlantic coastal ponds and mud fiat babitats.
In many ecosystems, protist communities which recover part of the pico-
planktonic biomass, thus constitute a substantial trophic resource, readily
available for macrofauna feeding on nanoparticles. The role of protists as a
realistic trophic link between picoplankton and filter-feeders enhances their
potential importance in microbial food webs.
ACKNOWLEDGEMENTS
We are very grateful to M. Bréret (CNRS) for technical assistance in
cyanobacteria and ciliate culture. We also thank the CNRS (INSU-SDV), the
IFREMER (DRV-RA), the Région Poitou-Charentes, and the European Com-
munity (MAST-Ill-DOMTOX), contract MAST-III PL97129 for their finan-
cial support.
REFERENCES
BARILLÉ L., PROU l, HÉRAL M., BOUGRIER S., 1993. - No influence of food quality,
but ration-dependent retention efficiencies in the japanese oyster Crassostrea
gigas. -J. Exp. Mar. Biol. Ecol., 171,91-106.
BERK S.G., BROWNLEE D.C., HEINLE D.R, KLING H.J., COLWELL R.R, 1977. - CHi-
ates as a food source for marine planktonic copepods. - Microb. Ecol., 4,27-40.
BERK S.G., COLWELL RR., SMALL E.B., 1976. - A study of feeding responses to
bacterial prey by estuarine cHiates. - Trans. Amer. Micros. Soc., 95,514-520.
BERNARD c., RASSOULZADEGAN F., 1993. - The role ofpicoplankton (cyanobacteria
and plastidic picoflagellates) in the diet of tintinnids. - J. Plankt. Res., 15, 961-
973.
CARON D.A., LIM E.L., MICELI G., WATERBURY J.B., VALOIS F.W., 1991. - Grazing
and utilization of chroococcoid cyanobacteria and heterotrophic bacteria by proto-
zoa in laboratory cultures and a coastal plankton community. - Mar. Ecol. Prog.
Ser., 76,205-217.
CHARPY L., 1996. - Phytoplankton biomass and production in two Tuamotu atoll
lagoons (French Polynesia). - Mar. Ecol. Prog. Ser., 145, 133-142.
CHARPY L., BLANCHOT J., 1998. - Photosynthetic picoplankton in French Polyne-
sian atoll lagoons: estimation of taxa contribution to biomass and production by
flow cytometry. - Mar. Ecol. Prog. Ser., 162, 57-70.
FENCHEL T., 1988. - Marine plankton food chains. - Ann. Rev. Ecol. Syst., 19, 19-
38.
FERRIER-PAGÈS c., GATTUSO J.-P., 1998. - Biomass, production and grazing rates of
pico and nanoplankton in coral reef waters (Miyako Island, Japan). - Microb.
Ecol., 35, 46-57.
FIALA-MEDIONI A., COPELLO M., COLOMINES lC., 1983. - Relations trophiques
entre huître et milieu; influence de la concentration et de la taille des particules.
Bases biologiques de l'aquaculture - IFREMER, Montpellier, Actes de colloques
n° 1,63-74.
538 Bulletin de l'Institut océanographique, Monaco, n° spécial 19 (1999)
PROTISTS AS A TROPHIC L1NK BETWEEN PICOCYANOBACTERIA AND CRASSOSTREA GIGAS
GLOVER H.E., CAMPBELL L., PRÉZELIN B.B., 1986. - Contribution of Synechococcus
spp. to size-fractioned primary productivity in three water masses in the Northwest
Atlantic Ocean. - Mar. Biol., 91, 193-203.
HÉRAL M., 1987. - Shellfish Culture Development and Management - Aquaculture
International Seminar, La Rochelle 4-9 mars 1985. Evaluation of the carrying
capacity of molluscan shellfish ecosystems. IFREMER, Brest.
ITURRIAGA R., MITCHELL B.G., 1986. - Chroococcoid cyanobacteria: a significant
component in the food web dynamics of the open ocean. - Mar. Eco/. Prog. Ser.,
28,291-297.
JONHSON P.W., HUAI-SHU X., SJEBURTH J. McN., 1982. - The utilization of
chroococoid cyanobacteria by marine zooplankters but not by calanoid copepods.
-Ann. Inst. Océanogr., 58,297-308.
KREEGER D.A., NEWELL R.I.E., 1996. - Ingestion and assimilation of carbon from
cellulolytic bacteria and heterotrophic flagellates by the mussels Geukensia
demissa and Mytilus edulis (Bivalvia, Mollusca). -Aquat. Microb. Ecol., 11,205-
214.
LEAKEY R.J.G., BURKILL P.H., SLEIGH M.A., 1992. - Planktonic ciliates in South-
ampton water: abundance, biomass, production, and role of pelagic carbon flow. -
Mar. Biol., 114,67-83.
LEAKEY R.J.G., BURKILL P.H., SLEIGH M.A., 1994. - A comparison of fixatives for
the estimation of abundance and biovolume of marine planktonic ciliate popula-
tions. - J. Plankton Res., 16,375-389.
LE GALL S., BEL HASSEN M., LE GALL P., 1997. - Ingestion of a bacterivorous cili-
ate by the oyster Crassostrea gigas: protozoa as a trophic link between picoplank-
ton and benthic suspension-feeders. - Mar. Ecol. Prog. Ser., 152, 301-306.
LESSARD E.J., MARTIN M.P., MONTAGNES D.J.S., 1996. - A new method for live-
staining protists with DAPI and its application as a tracer of ingestion by walleye
pollock (Theragra chalcogramma (Pallas)) larvae. - 1. Exp. Mar. Biol. Ecol., 204,
43-57.
LI K.W., SUBBA RAO D.V., HARRISON G.W., SMITH c.l., CULLEN J.1., IRWIN B.,
PLATT T., 1983. - Autotrophic picoplankton in the tropical ocean. - Science,
219,292-295.
OHMAN M.D., SNYDER R.A., 1991. - Growth kinetics of the omnivorous oligotrich
ciliate Strombidium sp. - Limnol. Oceanogr., 36 (5), 922-935.
PARKER J.G., 1976. - Cultural characteristics of the marine ciliated protozoan,
Uronema marinum Dujardin. - J. Exp. Mar. Biol. Ecol., 24, 213-226.
PLATT T., SUBBA-RAo D.V., IRWIN B., 1983. - Photosynthesis of picoplankton in
the oligotrophic ocean. - Nature, 301, 702-704.
PORTER K.G., PACE M.L., BATTEY J.F., 1979. - Ciliate protozoans as links in fresh-
water planktonic food chains. - Nature, 277, 563-565
PUTT M., STOECKER D.K., 1989. - An experimentally deterrnined carbon:volume
ratio for marine "oligotrichous" ciliates from estuarine and coastal waters. -
Limnol. Oceanogr., 34, 1097-1103.
RASSOULZADEGAN F., 1993. - Protozoan patterns in the Azam-Ammerman's bacte-
ria-phytoplancton mutualism. - In: Guerrero R., Pedros-Alio C. (eds), Trends in
Microbial Ecology. Spanish Society of Microbiology Pub.. 435-439.
REVELANTE N., GILMARTIN M., 1983. - Microzooplankton distribution in the North-
ern Adriatic Sea with emphasis on the relative abundance of ciliated protozoans. -
Oceanol. Acta, 6,407-415.
Bulletin de l'Institut océanographique, Monaco, n° spécial 19 (1999) 539
AQUACULTURE AND GENETIC MANIPULATIONS
SHERR E.B., CARON D.A., SHERR B.F., 1994. - Staining of heterotrophic protists for
visualisation via epiftuorescence microscopy. - In: Kemp P.F., Sherr B.F., Sherr
E.B., Cole II (eds), Handbook ofMethods in Aquatic Microbial Ecol.
SHERR E.B., SHERR B.F., 1987. - High rates of consumption of bacteria by pelagie
ciliates. - Nature, 325, 710-711.
SHERR E.B., SHERR B.F., FALLON RD., NEWELL S.Y., 1986a. - Small aloricate cili-
ates as a major component of the marine heterotrophic nanoplankton. - Limnol.
Oceanogr., 31, 177-183.
SHERR E.B., SHERR B.F., PAFFENHOFER G.A., 1986b. - Phagotrophic protozoa as
food for metazoans: a "missing" trophic link in marine pelagie food webs? - Mar.
Microb. FoodWebs, 1,61-80.
SHERR B.F., SHERR E., PEDROS-ALlO c., 1989. - Simultaneous measurement of
bacterioplankton production and protozoan bacterivory in estuarine water. - Mar.
Ecol. Prog. Ser., 54,200-219.
SHUMWAY S.E., CUCCI T.L., NEWELL RC., YENTSCH C.M., 1985. - Particle selec-
tion, ingestion, and absorption in filter-feeding bivalves. - J. Exp. Mar. Biol.
Ecol., 91, 77-92.
WATERBURY lB., WATSON S.W., GUILLARD R.RL., BRAND L.E., 1979. - Wide-
spread occurrence of a unicellular, marine, planktonic cyanobacterium. - Nature,
277,293-294.
540 Bulletin de l'Institut océanographique, Monaco, n° spécial 19 (1999)
Production of Spirulina biomass
rich in gamma-linolenic acid
and sulfolipids
Hubert DURAND-CHASTEL
Sénateur des Français établis hors de France,
Palais du Luxembourg, 15, rue de Vaugirard 75006 Paris
(h.durand-chastel@senatfr)
ABSTRACT
Spirulina is a blue-green microalga (cyanobacterium) rich, relative to other
sources, in the polyunsaturated fatty acid gamma-linolenic acid (18:3 omega-
6 or GLA). This rare polyunsaturated fatty acid is claimed to have medical
properties. It has been used for the treatment of hypercholesterolemia, atopic
eczema, and for alleviating the symptoms of premenstrual syndrome. Moreo-
ver, it is also thought to have a positive effect in heart diseases, arteriosclero-
sis, and pancreatic cancer. Besides, Spirulina like other cyanobacteria,
contains anti-HIV sulfolipids.
A process for the mixotrophic production of Spirulina which has a high
concentration of GLA and/or sulfolipids was found to contribute to the
improvement of GLA and sulfolipid contents in this Spirulina biomass. The
environmental conditions (temperature, light intensities, light/dark cycles, FA
precursors and other exogenous factors) have major effects on the fatty acid
composition and its percentage of the biomass.
The lipid content of Spirulina biomass increased and reached from 7,2 to
12% of dry weight as compared with 5-7% of dry weight of Spirulina pro-
duced by other processes. Especially, the GLA and sulfolipid contents
increased significantly, reaching 30-36% of total fatty acids and 39-43% of
totallipids respectively.
Bulletin de l'Institut océanographique, Monaco. n° spécial 19 (1999) 541
AQUACULTURE AND GENETIC MANIPULATIONS
Figure J. Solar Evaporator and Spirulina Facilities of SOSA TEXCOCO, S.A.,
Mexico, Pioneer Producer of Spirulina.
INTRODUCTION
Spirulina was a food of the Aztecs before the Spanish conquest, and has
been eaten for centuries by the Kanembu people of Central Africa near lake
Chad. Even though Spirulina has a long history of human use, the commer-
cial production of Spirulina never reached the attention of international
industrial community until recently.
In 1976, the first commercial exploitation of Spirulina was established at a
natural Spirulina Lake in Mexico, with annual production from 100 to 300 tons;
21 years later Spirulina reached a total annual world production exceeding
1000 tons with a forecast of doubling its market by the end of this century.
Most commercial farms are completely designed and built from the ground
up, such as those in USA (Cyanotech, Earthrise farms), Thailand (Siam Algae
Company, Green Diamond), China (Hainan Company) and other countries
(Japan, Taiwan, India, Chi le, Vietnam... ).
Spirulina is a cyanobacterium very rich in proteins and is used by several
countries for treating malnourished infants. The characteristics and quality of
commercial Spirulina products depend on producers and their culture processes.
LIPIDS AND FATTY ACIDS IN SPIRULINA
Among photosynthetic cyanobacteria Spirulina (scientifically, Arthrospira
platensis) appears to be very special because it is rich in proteins, in pigments
such as phycocyanin, l3-carotene, zeaxanthin, and in polyunsaturated fatty
acids. This cyanobacterium is rich, relative to other sources, in gamma-lino-
lenic acid (18:3 omega-6). GLA is a precursor for the body's prostaglandins,
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master hormones that control many body functions. The prostaglandin El is
involved in many tasks including regulation of blood pressure, cholesterol
synthesis, inflammation and ceIl proliferation.
In aIl lipids of Spirulina, the polar head moiety aIlows one to distinguish
three different types of glycolipids as weIl as a phospholipid: monogalacto-
syldiacylglycerol (MGDG), digalactosyldiacylglycerol (DGDG), sulfoquino-
vosyldiacylglycerol (SQDG) and phosphatidylglycerol (PG), respectively.
Each ofthese lipid molecules contains fatty acids with 16 or 18 carbons (C16
or C 18) less or more unsaturated.
GLA content is about 1% of Spirulina and its proportion is about 20% of
total fatty acids in the biomass of Spirulina produced by aIl farms. Since the
1970s, Spirulina producers aIl over the world have used the process of
autotrophic production with raceway ponds mixed and circulated by paddle-
wheels for commercial purposes.
RESULTS
Four strains of Spirulina were grown with controIled illumination and in
the presence of exogenous factors (mixotrophic production).
Production of biomass rich in GLA
These strains cultivated by the process of mixotrophic production con-
tained higher lipid content than the strains cultivated in autotrophic condi-
tions, as weB as an important quantity of GLA. The chemical composition,
lipid and fatty acid composition are presented in Tables l, II, III respectively.
Table 1. Chemical composition (%) of the biomass rich in gamma-linolenic acid
of Spiru/ina strains cultivated by process of mixotrophic production.
S. platensis S. maxima S. texcoco S. crater
Crude proteins 55-60 54-49 53-58 56-58
Total carbohydrates 15-18 13.5-\5 10-\2 11-13
Totallipids 7.5-12 7.5-11.5 7.3-9.5 7.2-9.7
Ash 7-9 7-8.5 8-10 7-8.5
Moisture 7-8 7-8 7-8 7-8
Carotenoids 0.20-0.29 0.30-0.35 0.15-0.21 0.15-0.20
Chlorophyll a 0.7-0.8 0.67-0.73 0.70-0.78 0.7-0.8
As shown in Table l, the totallipid content in Spirulina strains cultivated
by the process of mixotrophic production increased from 7.3 to 12 percent
of dry weight as compared to 6.1-6.9 per cent of dry weight of these same
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strains produced by the process of autotrophic production. Moreover, the
increase of carotenoid content in their biomass also was observed, espe-
cially zeaxanthin and B-carotene. Our analysis proved that Spirulina bio-
mass obtained from the process of mixotrophic production also contained
four major polar lipids. A significant increase of MGDG was observed with
slight decrease of other polar lipids such as DGDG, PG, and SQDG. The
proportion of MGDG reached from 43 to 47.8 per cent of the totallipids
(Table II).
Table II. Lipid composition (%) of the biomass rich in gamma-linolenic acid of
Spirulina strains cultivated by mixotrophic production.
Polar Iipids S. platensis S. maxima S. texcoco S. crater
MGDG 45.8-47.8 45.1-47.0 45.3-46.6 43.1-44.8
DGDG 11.0-12.5 11.3-11.8 11.0-1 I.5 11.6-11.8
PG 18.0-18.5 19.1-20.0 19.0-19.3 19.6-20.0
SQDG 21.4-22.2 20.7-21.2 22.1-22.6 21.0-23.4
In the biomass rich in GLA produced by the process of mixotrophic culti-
vation, the percentage of C18 total fatty acids was always more than 50 per
cent of total fatty acids and ranged from 62.8 to 69.1 % while the proportion
of C16 total fatty acids reached only from 30.9 to 37.2% of total fatty acids.
The synthesis of C 18/C 18 lipid molecular species (or eukaryotic lipid molec-
ular species) was also observed in sorne culture conditions (data not shown).
The significant increase of MGDG resulted in an increase of GLA content
and the proportion of GLA reached from 30 to 36% of total fatty acids
(Table III).
Table III. Total fatty acid composition (%) of the biomass rich
in gamma-linolenic acid of Spirulina strains cultivated
by the process of mixotrophic production.
Fattyacids S. platensis S. maxima S. texcoco S. crater
C16:0 29.7 34.3 34.0 36.0
C16:1 1.2 1.2 1.3 1.2
C18:0 1.3 1.4 1.4 1.3
C18:1 3.5 4.6 4.5 4.2
C18:2 28.3 28.0 28.6 27.3
Gamma C18:3 36.0 30.5 30.2 30.0
LC16ŒCI8 30.9/69.1 35.5/64.5 35.3/64.7 37.2/62.8
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Production of biomass rich in sulfolipids
Spirulina biomass produced by the process of mixotrophic cultivation con-
tained a higher lipid content and reached from 7.2 to 12% of dry weight while
the total lipids of Spirulina cultivated by the process of autotrophic produc-
tion was only about 5.0 to 6.9% of dry weight. Besides, the carotenoid con-
tent also increased slightly in biomass of aIl strains.
The lipid composition of biomass rich in sulfolipids also consisted of four
polar lipids but the percentage of each type of lipid was different from bio-
mass harvested from autotrophic cultivation (Table IV).
Table IV. Lipid composition (%) ofthe biomass rich in sulfolipids
of Spirulina strains cultivated by process of mixotrophic production 34.0
and under autotrophic conditions
Polar Iipids S. platensis S. maxima S. texcoco S. crater
MGDG 33.8 - 37.9 34.0 - 38.3 36.8 - 38.3 36.5 - 38.4
Mixo- DGDG 9.8 - 10.8 9.2 - 9.6 8.9 - 9.2 8.6 - 9.1
trophic PG 11.0 - 11.3 10.0 - 11.0 11.4 - 11.8 11.6 - 12.0
SQDG 40.9 - 43.0 39.8 - 41.2 39.2 - 40.7 39.0 - 40.5
MGDG 31.5-37.8 34.0 - 38.9 34 - 38 35 - 39
Auto- DGDG 15.7 - 17.3 15.0-17.8 14.0-17.5 16 - 18
trophic PG 24.8 - 25.2 22.0 - 23.4 25.0 - 26.7 22 - 23.6
SQDG 24.7 - 25.0 22.3 - 23.7 24 - 26 21 - 24.5
As shown in table IV, a significant increase of SQDG in the biomass of
Spirulina strains produced by a process of mixotrophic cultivation was
observed and the percentage of this sulfolipid reached from 39 to 43 per cent
of total lipids while the proportion of PG decreased significantly and varied
from lOto 12% of total lipids. In contrast, the percentage of MGDG did not
change in aIl strains.
Effect of Spirulina rich in GLA on prostanoid production
The aim of the present study was to investigate the effect of different doses
of dietary GLA from Spirulina platensis produced by mixotrophic cultivation
and other sources [corn oil (CO), borage oil, (BD), evening prirnrose oil
(EPO), Spirulina oil (SP), and Spirulina rich in gamma-linolenic acid (SR-3],
on the prostanoid formation in stimulated aortae in rats. The effect of the die-
tary oils and Spirulina rich in GLA on prostanoid production by the aorta in
rats is presented in Table V.
The results of prostanoid analysis indicate that PGEI levels in stimulated
aortae can be increased significantly by feeding either SPO, BD or EPO. The
highest levels of PGEI (16 pg/mg) and PGE2 (143 PGIMG) were observed in
stimulated aortae in rats fed 7% SPO. Besides, the proportion of PGEl also
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Table V. Effect of the dietary oils and Spirulina rich in GLA
on prostanoid production by the aorta.
7% CO 7%BO 7%EPO 7%SPO 5.3% CO 6.3% CO
+20% SR·3 +10%SR·3
Serum
TXB2 (ng/ml) 10.0 ± -0.5 349.2 ± -26.2 332.0 ± -21.5 351.0 ± -33.8 329.5 ± -25.6 323.6 ± -23.8
Aorta
POEI (pg/mg) 10.0 ± -0.5 15.1 ± -0.6 14.6 ± -0.5 16.0 ± -0.5 13.6 ± -0.6 12.1 ± -0.7
POE2 (pg/mg) 125.8 ± -10.7 127.2 ± -12.0 131.0 ± -15.2 143.0 ± -16.5 128.6 ± -10.4 116.5 ± -10.5
POE =prostaglandin E;TXB =thromboxane B. Reference: Pham Quoc K. & Pascaud M., 1996.;
Effects of Dietary gamma-linolenic acid on the tissue phospholipid fatty acid composition and the
synthesis of eicosanoids in rats; Ann-Nut Motab 4099-108.
increased in rats fed 10 and 20% Spirulina rich in GLA (SR-3) from 12.1 to
13.6 pg mg- l . Finally, the TXB2leveis in serum and the PGE2leveis in stim-
ulated aortae were not influenced significantly by dietary GLA rich oils. It is
postulated that the high or long-term GLA rich diets in rats could increase
arachidonic acid levels and PGE2 production which could affect immune
response.
CONCLUSION
Since the discovery of Spirulina in the mid-1960s, this cyanobacterium has
been the subject of many studies worldwide. The improvement of Spirulina
strains by our proprietary process of mixotrophic production reinforced their
specific characteristics and should contribute to the brilliant development of
this cyanobacterium in the future.
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ABSTRACT
Cyanobacteria are responsible for much of the ocean's huge primary pro-
duction. But the transfer efficiency of this biomass up the food chain to the
annual fish catch is limited, and, in spite of increased efforts at ocean fishing,
the catch has peaked out. With population ever increasing, man will no longer
be able to obtain the traditional 10% of his protein needs from the sea. Present
day aquaculture depends on agricultural and fishery products for feed. It is
suggested that, to be sustainable, aquaculture should tum to artificial "micro-
oceans" in which the feed is supplied in closely the same fashion as in the
open ocean - starting with cyanobacteria. A system including Spirulina,
Artemia, and mangrove fauna - and producing Tilapia, small pelagic fishes,
shrimp, and mollusks in a series of artificial canals in which filtered seawater
circulates from and back to the sea is outlined. The culture of the brackish
water cyanobacterium, Arthrospira (Spirulina) platensis, is described at both
the artisanal village culture and industrial production levels. Furthermore, a
large-scale project to grow Spirulina in seawater to combat world malnutri-
tion is set forth. This project which reduces the greenhouse effect involves
collaboration between polluting industries and govemment with industries
bottling their waste CO2 and govemment transporting it in unused military
ships to the algae farms. It is shown that cost cannot be considered seriously
as an obstacle.
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Figure 1. Ocean primary productivity.
INTRODUCTION
Any sailor will tell you that there is a lot ofwater in the ocean and that many
creatures swim within il. Any fisherman will tell you how hard it is to find and
catch them. Yet, from the earliest of times man has speared, hooked, netted,
and grabbed about 10% of his protein needs from the seas (Barnabé, 1989).
The oceans contain 1.46 billion cubic kilometers of water - 97% of the
water on Earth and 71 % of the earth's surface is covered by the oceans
(361 x 106 km2) (Considine, 1968).
This enormous surface area receives an average of about 166 watts of solar
energy per square meter during daylighl. That portion which enters the water
is sufficient to energize enough photosynthesis to fix between 50 to 100 bil-
lion tons of carbon yearly, resulting in 100 to 200 billion tons of aquatic bio-
mass, or 1.805 tons per hectare per year (Barnabé, 1989) (Fig. 1).
The transfer efficiency of living matter from the oceans' primary produc-
tion (which is mainly the phytoplankton) up the food chain to fish on the table
is only about 10% from one link to the nexl. Roughly, 1000 g of phytoplank-
ton yields 100 g of sardines which yield lOg of mackerel. which produces 1 g
of tuna (Barnabé, 1989) (Fig. 2). Therefore, the theoretical maximum tuna
catch would be from 100 to 200 million tons - and the next year, these table
fish would indeed be difficult to find. Fortunately, the bulk of the ocean catch
COrnes from a bit farther down the food chain. In spite of this we apparently
have reached the end of the line. Ocean fishing peaked out at 86.4 million
tons in 1989 (Barnabé & Barnabé-Quet, 1997) (Fig. 3). Freshwater aqua-
culture, though it has increased by about 1.5 million tons since 1989, has not
brought total tonnage up to the 1989 level. Even if it did, the picture would be
a false picture for freshwater fish culture relies heavily on the ocean catch and
agricultural crops to feed the fish.
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Figure 2. How 1 ton of phytoplankton becomes 1 kilogram of Tuna.
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Figure 3. World fish catch (FAO, 1994).
With the human population still growing at the rate of 90 million each year
(Seager, 1995) we will need ail the ocean catch and ail the agricultural pro-
duction for ourselves within the lifetimes of young people living today (Fig. 4).
Within the past few decades a large variety of fish and crustaceans have
been cultivated in artificial basins with feeds compounded of fishmeal and
cereals. At present, this is commercially feasible, especially where trashfish,
fishing industry waste, cereal wastes, and cereals are available. But this is not
the situation in much of the world.
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Figure 4. 250,000 more people every day!
THE MICRO-OCEAN FARM
A stable and sustainable adjunct to ocean fishing appears to be the creation
at the seaside of micro-oceans where one can duplicate insofar as possible ail
the essentiallinks of a food chain leading up to highly desirable pelagic table
fishes, but including also the harvesting of smaller fishes, crustaceans, and
mollusks (Fig. 5).
The primary production each year of 100 to 200 billion tons of aquatic bio-
mass is done principally by phytoplankton f10ating usually within \-2 m of
the surface, especially near the shores and where upwellings bring nutrients
up from the benthos and the deep sea.
The organisms mainly responsible for this astounding quantity of biomass
are the cyanobacteria, especially Synechococcus (Chroococcaceae) and Tri-
chodesmium (Oscillatoriaceae). Many other species are present in the open
ocean but are by no means dominant.
So, the primary food is blue-green algae. Our micro-ocean system starts
here. We will borrow water from the ocean and put it back when we are finished
with il. Essentially, we will admit seawater at high tide into a sand bed filter
which acts as the source for a flow-through aquaculture system.
What makes this concept different from standard practice is emphasis on
the admixture of the least possible of land-produced materials, and the selec-
tion of aquatic microorganisms and animais which can subsist at maximum
levels on the nutrients in seawater plus what can be produced within the eco-
system.
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Figure 5. micro-ocean farm.
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Figure 6. micro-ocean farm primary production.
There is little difference in the nutntlve composItIOn of the Chroococ-
caceae and the Oscillatoriaceae - one well-known member of which is Spiru-
Lina subsalsa.
The system starts with Spirulina subsalsa and Synechococcus adapted to
seawater in a separate paddlewheel-stirred raceway basin much like those in
use today on commercial Arthrospira farms (Oswald, 1988; Benemann,
1985; Belay, 1997). These cyanobacteria will serve as the first link in the food
chain.
A second separate basin will be used for the culture of Artemia (brine
shrimp). The Artemia will be fed from the Spirulina basin. Nauplii, along
with part of the SpiruLina subsalsa - Synechococcus mixture, will be sent into
special tanks containing mysis stage of Penaeus japonicus shrimp. Adult
Artemia will be fed to postlarval and adult shrimp and also will be sent into
the mainstream micro-ocean farm (Fig. 6).
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Young Tilapia mossambica (Java Tilapia) adapted to sea water and other
small fish are added at the beginning of the sea water channel where Spirulina
also are introduced.
The next section of the micro-ocean is the mangrove forest. Here the chan-
nel is widened greatly and young Rhizophora mangroves are planted, but
leaving access to flat-bottomed service rowboats. The introduction of filtered
sea water to the mangrove forest is controlled to simulate the daily tides and
so give the mangrove roots access to air. A deep channel is eut through the
center of the mangrove forest to receive the fish at simulated low tide and also
to facilitate harvesting them. The mangroves will contribute a large biomass
input to the system in the form of insects wh.ich they attract, and the leaves
they shed. Aiso the mud and detritus at the base of the mangroves will act as
an important reservoir of diatoms, flatworms, nematodes, roundworms, roti-
fers, polychaetes, ostracods, copepods, crustaceans, arthropods, mollusks,
and submerged plants ... to name a few.
ln.l8ch 0.2 ~ I,;J 1 dey
• ~ •.257 ton. 1 ,yo."
Bioma.11 OrS 9 !.1l2 1 ~.Y
- 16.206 tons 1 year
/
bottom mud
Hanqrove forest biom,,?-ss conversion ta fieh at 4al
6.865 tons- fi.b Fe.r, rYeuu::
Spirulina & Artemia conversionto fish at 3: 1
3.36 ton_ fi.n per year
10.225 tons, p~ NOa1i
~ 1.38 tons per. hect~'ùe per year
Figure 7. Mangrove section productivity.
In the mangrove section the Tilapia, sardines, and shrimp will grow out
and be harvested near where this section empties into the clam and oyster
beds. Fine netting allows only the plankton to enter this last section which
cleans up the water before it is retumed to the sea. This type of micro-ocean
farm will produce shrimp, Tilapia, sardines, clams, and oysters. The man-
grove forest is the equivalent of the feedlot for land animais, and can provide
useful timber as weil.
Assuming the Spirulina basins have a total area of 3500 m2, there would be
20 kg of live food daily for the Artemia. This, mixed with 40 kg of ground
552 Bulletin de l'Institut océanographique, Monaco. n° spécial 19 (1999)
THIRD MILLENIUM AQUACULTURE. FARMING THE MICRO-OCEANS
cereal tegument or other appropriate agricultural wastes, would produce
20 kg of Artemia as food for a 100 kg biomass of young Tilapia and sardines.
There also would be about 8 kg of Spirulina as food for young shrimp. Young
fish and shrimp are admitted into the mangrove forest. Large fish are har-
vested at the exit end of the mangrove forest.
In this case, the forest consists of 7.4 ha, containing 1764 trees planted on
6 m centers. Assuming the attraction and reproduction of insects to be 0.2 g
m-3 day-l and the trees to be 4.5 min diameter and 5.5 m high, the trees will
provide Il.257 tons of insect biomass per year. Assuming a productivity of
0.6 g of microorganisms per ml per day in the mud bottom, the microorgan-
ism biomass will be 16.206 t per year, giving a total of 27.463 t of biomass to
the system. The recycling of about 17 t of fallen leaves contributes to this bio-
mass. If the conversion of biomass to fish is not better than 4 to l, the man-
grove forest will produce 6.865 t of fish per year. This, plus the input of 2.88 t
from Spirulina and 7.2 t from Artemia at a conversion ratio of 3 to 1 (3.36 t),
would bring the total production to about 10.225 t y-I; or about 1.38 t ha- 1
which compares favorably with carp culture where the fish are fed with agri-
cultural products (Fig. 7).
TOTAL PRODUCTION
Spirulina, Artemia, , Mangrove area Production
8.0 hectares
Mollusk Production
0.5 hectares
8.5 hectares
10.225 T / yr
6.0 T / yr
16.225T/yr
1.91 tons per hectare per year
Figure 8. Total production, micro-ocean farm.
The last step of this system grows mollusks which clean the water of
plankton and detritus particles before the water is retumed to the sea. The
area of this channel is 0.5 ha. A conservative production estimate is 6 t of
mollusk meat per year, which brings the total up to 16.225 t y-I (Bardach et
al., 1972). This amounts to 1.91 t ha- I y-I which is a little more than the pri-
mary production ofbiomass in the ocean (1.805 t ha- 1 y-I) - while the ocean
catch is only about 2.22 kg ha- 1 y-l! The micro-ocean farm yields 860 times
more than the catch from an equivalent ocean area (Fig. 8). Worldwide micro-
ocean farms totaling the size of Sudan or Guinea could provide 50 millions
tons of high protein foods. To do the same with cattle would require a land
area equivalent to China, plus the United States!
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Creating micro-oceans with their complete food chain initiated with cyano-
bacteria is one way that we can use cyanobacteria to contribute to man's welfare
in the millenium which will arrive shortly. There are many marine cyanobacteria
which can be grown in monoculture: Phormidium, Lyngbya, Synechococcus,
Oscillatoria, Arthrospira, Anabaena, for example. ather valuable products
such as polysaccharides and antibiotics also can be extracted from them
(Borowitzka, 1995; Cohen, 1997).
But there is one extremely interesting cyanobacterium not ordinarily clas-
sified as marine but which has been adapted to modified marine conditions,
and whose brilliant future will emerge as it becomes wholly adapted to sea-
water. This is Arthrospira platensis - popularly known as Spirulina (Fig. 9).
Figure 9. Arthrospira platensis, popularly known as Spirulina.
SPIRULINA IS BEGINNING TO WIN THE BATTLE
AGAINST MALNUTRITION
There are 596 citations on Spirulina in the BraSrS database, more than
294 references given in the ASFA abstracts, over 162 references shown in
Biological Abstracts, 91 recorded in MEDLINE, hundreds of references on
the Internet, at least Il university theses and Il books devoted entirely to
Spirulina. Everyone who has reviewed these many sources knows that at least
part of the scientific community takes this organism seriously; that many of
its qualities have been studied in depth; that it has high nutritive and therapeu-
tic value; and that it has been consumed by man for hundreds of years. Those
who have given Spirulina to kwashiorkor and marasmus children do not need
to be convinced that Spirulina is the number one food for combatting malnu-
trition. They have seen the results. They know.
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ln 1969 when Mrs. Fox and 1 started working on techniques for growing
Spirulina in Third World villages, there was no commercial production of
Spirulina. Seven years later, it was being grown and sold by Sosa Texcoco of
Mexico. Thanks to Dr. M.S. Patel and the Mafatial Group of Bombay, we had
grown it in 1973 at Navsari in India. By 1985 there were about 10 farms pro-
ducing around 850 tons of Spirulina. In 1997, there are somewhere around
150 farms growing over 2000 t conunercially and the priee at the farm will be
approximately 54 million dollars. By the year 2000 farm sales should be
around 83 million dollars; and by 2010 it is easy to see that farm sales could
reach 150 million dollars, with retail sales over 1.1 billion dollars (Fig. 10).
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Figure la. World Production of Spirulina.
So, Spirulina is not only scientifically interesting but commercially inter-
esting as weil. Aiso it is politically interesting.
Right now there are 30 million babies who are going to die of malnutrition
or malnutrition-indueed diseases unless we do something about it. Ten grams
of Spirulina a day, plus the minimum of calories, for each of them, can con-
vert this catastrophe into peaee and business opportunity. Here is the same
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TogoJese baby before feeding with Spirulina and three months later (Fig. 11).
This is what prompted us nearly 30 years aga to search for ways of growing
Spirulina in the villages. As the villagers don't have the money to buy com-
mercial Spirulina, it is obvious that eventually they must grow their own.
The remote village imposes severe restrictions on the technologies one can
employ - limited water, no electricity, a scarcity of chemicals, and a lack of
sophisticated building materials. There is also the lack of sanitation which
assures that the population is perpetually infested with parasites; and the
destruction of trees to provide cooking fuel. In some areas they bum cow dung
for this purpose, which deprives the fields of fertilizer while the smoke from
incomplete combustion causes serious eye problems. There also is a lack of
vitamins, mineraIs, proteins, iron, and essential fatty acids in their foods.
Although the integrated system which we developed solved ail of these prob-
lems and was able to produce Spirulina, in many countries people were not
prepared to accept the idea of recycling their own wastes. That day will come
when they understand the necessity and the biological processes involved.
Figure Il. Spirulina saves lives.
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The integrated system (Fig. 12) starts with latrines which empty into a fer-
mentation tank wherein methane-producing archibacteria transform the waste
matter and pathogens into a bottom mud and a Jiquid effluent, both of which
are potent fertilizers; plus a mixture of methane and carbon dioxide gases. The
liquid effluent passes through a sand bed fi1ter and then is sterilized either by
solar heat or by raising the pH to more than 10.5 for four days with carbonate.
(It is observed that faecal coliforms do not grow in the algae basins where the
pH ordinarily is 10.5 or more) (Parhad, 1970). This effluent brings a minimum
quantity of ail the nutrients required by SpiruLina. Methane for cooking is sep-
arated from the gas mixture by bubbling it through a column of water containing
the culture medium after the harvest is taken by filtration; and the CO2 of the
gas mixture, now in the culture medium, increases the yield over the 3 g m2 d- I
permissible at sea Jevel in unstirred water on a windless day with only
absorbed atmospheric CO2. In addition there is a small productivity attributa-
ble to the carbonate in the effluent. We have obtained yields of 10 g m2 d- I
with this system.
Figure 12. Integrated health & energy system.
Projects of this sort were constructed in villages in India, Senegal, Togo,
Peru, Vietnam, and China. The Indian project at Karla village near Wardha,
Maharashtra, inaugurated in 1981, continues to this day thanks to the persistent
efforts of the Centre of Science for Villages, Wardha, and is part of a central
government project to introduce the rural culture of Spirulina and to distribute
it to malnourished children and victims of natural disasters. 15 families each
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manage 60 m2 basins and 6 basins have been added to the Karla project for
this purpose.
At Karla (Fig. 13) the algae basins are made of local bricks covered with
cement. Dense cultures from the laboratory (about 900 mg 1- 1) are put into
the first basin which is only 1 square meter. Palm fronds or other screening
material is put over the basin to avoid photolysis. When the culture has a
Secchi disk reading of 3 cm, it is transferred to a second basin of m2; and so
on to 25 m2 and 100 m2. The water in ail basins is 15-cm deep and is stirred
by paddlewheels energized by truck batteries charged by photovoltaic panels.
Bicarbonate is added at 4 g 1-[ to provide alkalinity. Small amounts of agri-
cultural grade urea are added periodically as an additional nitrogen source,
and ocean salts create a salinity which discourages other algae and competing
organisms while assuring that the necessary micronutrients are present.
Figure 13. Realization of integrated health & energy system, Karla Village, Maha-
rashtra,India.
Harvesting is done by pouring or pumping the culture onto slightly-
inclined nylon cloth screens having a hole size of 50 /lm. The alga! slurry is
dried in a simple solar dryer.
In response to the refusaI of certain groups to recycle their wastes, our col-
laborator Jean-Paul Jourdan has constructed small Spirulina fanns in remote
villages in Peru, Chi le, Zaire, and at Bangui in the Central African Republic
using plastic film liners attached to wooden frameworks or concrete blocks.
Without using the biogas technique he supplies carbonate and mineraIs by
taking wood ash, adding water, and allowing atmospheric carbon dioxide to
come to equilibrium in the solution. Sea salts, urine (or commercial urea),
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plus iron, extracted from old nails with vinegar and citrus juice, complete the
medium (Jourdan, 1997).
Today's commercial farms are exemplified by the installation at Earthrise
Farms situated south of the Salton Sea in the Southem Califomia desert and
owned by Dai Nippon Ink Corporation of Japan. Their basins have food grade
plastic liners bordered by earthen banks. Each of the production basins covers
5000 m2, and the total growing surface is about 21 ha. 400 tons of dried Spi-
rulina were produced in 1996. Stirring is done by large electrically-driven
paddlewheels and ail basins are connected by a pipeline web to their harvest-
ing house where the culture is pumped over cascade filter screens. The result-
ing slurry is dewatered on vibrating screens and then spray dried, tumbling
within a few seconds into airtight containers ready for shipping. The filtered
culture medium is pumped back to the growing basins and the necessary
nutrients are added according to program.
Cyanotech Corporation operates a similar farm at Keahole Point on the
island of Kona in Hawaii. Because the ocean fioor descends steeply at Kea-
hole Point, they are able to pump cold bottom water up to the surface. COz
circulated through their spray dryer is dewatered by condensation on the cold
leg of a heat exchanger cooled by this bottom water. This enables them to dry
the Spirulina in an atmosphere containing very little oxygen, which guards
against oxidation of carotene and fatty acids.
There are several large Spirulina farms now in India: Ballarpur Industries
Limited with about 7 ha of production surface is located near Mysore. Parey
Agro Industries is south of Chennai (near Madras) with about 4 ha; and two
new farms are nearing completion near Madurai with about 10 ha each.
In Thailand, there are Green Diamond Company near Chang Mai and Siam
Aigae Company near Bangkok, each with about 2 ha of production.
To name one of many in China, there is the Lü Hai Spirulina Culture Plant
in Huilai County of Guangdong Province where Spirulina is grown in modi-
fied seawater.
One of the latest to go onstream is the farrn of Natural Life S.A. near Rioja in
Argentine. This is the first large-scale closed type photobioreactor. Reportedly
the farm consists of 8 ha of plastic tube arrays laid out on the ground, complete
with gas exchange systems and evaporative cooling by water sprinklers. Produc-
tion of 120 t is anticipated for 1997 with expansion to 500 t in the near future.
Today we are able to grow Spirulina on a mass scale in systems that are relia-
ble and profitable. A better understanding of the chernistry involved and sophis-
ticated control systems avoid the loss of culture which threatened production
several years ago. And the market is expanding exponentially. Ali is weil.
But not ail is weil. In 1983, Dr. James P. Grant, then director of UNICEF,
stated that 40,000 children die each day from malnutrition or malnutrition-
induced diseases. Today the number still is about the same. A few minutes
with a pocket calculator will show that since World War II more than
600,000,000 children have died of malnutrition - a completely outrageous
crime attributable to greed and misplaced priorities, for we could have fed
these children. During the same period there have been approximately 187 wars
which have killed only 40,000,000 people!
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Malnutrition is not a disease. It is a political condition. It is the wasteland
of greed!
Ali we need is the political decision, and encouragement from the press, to
listen to the voice of the voiceless children in planning our budgets; to make
sure the first item in the budget covers the needs of these children; not the last
item as usual. The only thing that makes any sense to them is that we do
something quickly and on a very large scale.
Malnourished children cannot assimilate an education. Without education
there is very liule enterprise. Without enterprise the standard of living
declines. The lower the standard of living, the higher the birth rate. To feed
the world's poorest children is in their interest - and certainly in ours. If we
give them a proper start in life, they can becorne trade partners instead of
costly enernÏes.
Present consensus, based on World Bank and UNICEF figures, indicates
that about 150,000,000 children are malnourished. Of these probably
30,000,000 suffer from advanced malnutrition and are at high risk of dying.
Many such cases have been cured in less than 3 months by supp1ementing the
diet with 10 grams of Spirulina daily.
GIANT SEAWATER SPIRULINA FARMS
Today's worldwide industrial production of Spirulina is about 2000 t per
year. To provide 10 g daily to 30,000,000 children would require a yearly pro-
duction of around 109,5001. C1early, a very large scale-up; in fact, calling for
at 1east 3000 ha of Spirulina farms (Fig. 14). Let's not jump to conclusions.
There are 14,000 ha of greenhouses in Holland producing tulips. And that's
quite ail righ1.
What are sorne of the prob1ems in scaling up Spirulina production to very
large farms?
The first problem is water. It would take 6,000,000 m3 of water to fill 3000 ha
of algae basins just 20-cm deep; and from 30,000 to 300,000 m3 a day to
make up for evaporation. There are not many places in this world where those
doing conventional irrigation farming would want to give up that amount of
fresh water to algae farming.
The electrical energy required for spray drying 300 t of Spirulina dai1y
would be about the same as that required for each of the largest present-day
Spirulina farms for the entire year! And the huge padd1ewheels needed for
stirring hyper-sized raceway basins wou1d defy the best materials and engi-
neering skills.
Is there another way? Yes! Ali we need is seawater, air, and sunshine. From
these three e1ements we can either produce at the farmsite ail the chemica1s
that Spirulina needs for its growth, plus the e1ectrical energy needed to run
the farm, or we can simplify the process by recycling certain industrial waste
products. A different kind of dryer and a new concept in the design and oper-
ation of paddlewhee1s will bring the engineering and costs for these elements
back within reach. And as long as there is water in the sea the seawater is free
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Figure 14. Giant seawater Spirulina farm.
for pumping. One interesting aspect is that the only appreciable waste prod-
uct of this process using seawater is seawater.
Spirulina has been adapted to seawater by several research teams, and
work is in progress to increase productivity in this medium. There is even a
smalJ commercial seawater Spirulina farm in operation in Sendai, Hainan
Island, China.
There are several concepts for large-scale seawater Spirulina farms: each
having its own interesting aspects. 1 would Iike to outline here the concept
which costs the least and offers the greatest ecological advantage - with the
fervent hope that the right high-Ievel decision maker will hear this and under-
stand that these farms can help solve major problems concerning pol/ution,
common justice, overpopulation, education, and the entry of the Third Wor.ld
into the World Market.
Twenty-five farms of 120 ha each, each costing about 34 million dollars to
install and with about 3 million dollars yearly overhead would cost a total of
about 850 million dollars to buiJd and 75 million dollars a year to operate - a
total of less than the cost of one day of the 1OO-day Gulf War - just to put this
whole thing into the right perspective!
This concept depends on cooperation from major industries that ordinarily
release quantities of CO2 into the atmosphere, and also from governments
which can offer tax incentives to these major industries if they will collect and
put their CO2 into pressurized shipping tanks which these governments can
transport in otherwise unused military landing ships to the farmsites - the
same ships taking the algae product to distribution centers on the way back
for reloading with more CO2 (details available from the author).
The major industries include fuel-fired power generating plants, breweries,
refineries, paper industries, cement manufacturers, chemical and heavy
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industries, etc. These industries in the leading industrialized nations are
obliged for ecological reasons to recuperate and dispose of this byproduct
CO2. Their disposai cost couId be the costs of packaging and shipping of the
gas which would be free of cost at the farmsite. In a similar manner, produc-
ers of farm cheuùcals could benefit from tax reductions by donating the nec-
essary small amounts of urea, phosphate, and iron sulfate. Today the uùlitary
landing ships are rusting away awaiting the next war. These ships could serve
a useful purpose and the country which sponsors these ships could glorify its
image both at home and abroad.
Each farm is composed of 12 PVC-lined raceway basins 1000 m x 100 m
and having a water depth of 20 cm. Stirring is accomplished by small-diameter
ftoating paddlewheels, and drying is done on endless belts in a 455-m long solar
tube made of welded sheet steel painted black. Sand-filtered seawater is used
for the cultures and also to fill a 5-m deep, 350 m x 350 m solar pond. The tem-
perature difference between bottom and surface waters of this pond is sufficient
to vaporize and condense a low-boiling-point organic ftuid that can drive an
electric generator to produce ail the energy needed on the farm (Bronicki, 1983)
(Fig. 15).
One quarter of the first basin is inoculated with a dense culture of Spirulina
in seawater fortified with carbonate, urea, phosphoric acid, and potassium and
iron sulfates. Photosynthesis spurred by daily additions of CO2 and fertilizers
allows the entire basin to be filled by the 4th day. The 2nd basin will be started
with 25% of the contents of the 1SI basin - and so on until the 12 basins are
filled. The salinity cycle will go from 35 grams total salinity per liter to 50 or
.ur.:,1l \\le. ~e>"'- U,Jtr _ ~L....
~ C-I&iWLHS In,- Gtrr.It".ywc$'· .1lQ_ WIi'#
-"l"ii1_"~ ~ •.-II""-Vl'"feu." t>" 86&('. ,,~.to_.
Figure 15. Solar tube dryer.
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more, and probably will take 32 days. The actual number of days per cycle
and the number of harvests will depend upon the amount of rainfall, wind,
cloud coyer, humidity, and temperature. On average it is expected that each
basin will give 25 harvests of 25% of its volume, plus a 100% harvest before
sending the saturated culture medium back to the sea, cleanup, and reseeding.
Twelve tons of dried Spirulina a day. 30,000,000 children saved from mal-
nutrition and set on the road to becoming productive citizens. Add it up and it
is the most exciting, economically profitable, and humane idea on the horizon.
Let's do it.
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INTRODUCTION
Cyanobacteria are able to grow in aquatic environments of different salinities.
They are abundant both in oligotrophic areas of oceans and in eutrophic
coastal waters. Life in marine ecosystems demands the ability to adjust the
cellular metabolism to high salt concentrations. Salt adaptation involves three
main subprocesses: (i) accumulation of osmoprotective compounds; (ii) active
export of inorganic ions; (iii) expression of salt-stress proteins. The accumu-
lation of osmoprotective compounds (compatible solutes, osmolytes) is the
most important subprocess. These low-molecular-mass substances cause a
decrease in intracellular water potential to equalize the water balance, and, at
the same time, prevent denaturation of macromolecules in a cellular environ-
ment of changed ionic composition and decreased water potential. According
to the principal osmoprotective compound accumulated, three salt tolerance
groups of cyanobacteria can be distinguished (Reed et al., 1986). Strains of
low salt tolerance accumulate sucrose or trehalose, moderate halotolerant
(euryhaline, "marine") strains synthesize glucosylglycerol (GG) and halo-
philic strains contain mainly glycinebetaine. In this presentation we compare
the ability of cyanobacterial strains representative of the three salt tolerance
groups to accumulate osmolytes and to synthesize salt stress proteins.
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MATERIAL AND METHODS
Axenic cultures of the cyanobacteria (for strain history see Rippka et al.,
1979) Synechococcus sp. PCC 7942 (Anacystis nidulans R2 = strain 7942,
freshwater strain) and Synechocystis sp. PCC 6803 (= strain 6803, euryhaline
strain) were kept in an Allen & Arnon (1955) basal medium containing 2 mM
NaCl. Cells of Synechococcus sp. PCC 7418 (Aphanothece halophytica =
strain 7418, halophilic strain) were cultivated in a saline basal medium con-
taining 462 mM NaCI and the following major constituents per litre: 2.1 g
KN03; 6.9 g MgS04, 7 H20; 1.48 g CaCI2, 2 H20; 0.74 g KCI; 5.08 g MgClb
6 H20; 0.24 g Tris; 27.09 g NaCI; 0.35 g KH2P04. Ail cells were grown in
continuous light (175 ilE m-2 S-l) at 30°C and bubbled with COrenriched air
(2.5%, v/v). Salt-adapted (preculture for 6 days) and salt-shocked (addition of
crystalline NaCl) cells were obtained using NaCI-enriched media: 428 mM
NaCI (strain 7942), 684 mM NaCl (strain 6803), and 1711 mM NaCl (strain
7418). The strength of the salt shock for each strain was chosen to reach
about 50% of the tolerance limit. At the times indicated samples were taken
and analyzed for the content of osmoprotective compounds by extraction with
80% ethanol at 65°C and analysis by HPLC (Schoor et al., 1995). For the
identification of stress proteins, cells were pulse-Iabelled with L-35S-methio-
nine (specific activity > 29.6 Tbq mmol- 1, Amersham Buchler). The condi-
tions for labelling, protein extraction and electrophoretic separation were
described in detail by Hagemann et al. (1991). Ali experiments were repeated
at least three times.
RESULTS AND DISCUSSION
Accumulation of osmoprotective compounds: In salt-adapted cells of
strain 7942 sucrose represented the main osmolyte, while in strain 6803
mainly GG was accumulated. In control cells (basal medium) only traces of
these solutes were detected (Fig. 1). In time course experiments it was shown,
that synthesis of sucrose and GG started immediately after application of salt.
The accumulation proceeded linearly for the first hours until the adaptation
level was nearly reached. During this period growth was arrested (not shown
here). In the case of strain 6803 it has been shown that the enzymes involved
in GG biosynthesis (GG-phosphate synthase and GG-phosphate phosphatase)
are preformed but are inactive in cells grown in basal medium and can be acti-
vated immediately after adding salt to cell suspensions and to protein
extracts. Conversely, the enzymes from salt-adapted cells can be inhibited
using low-salt conditions for protein extraction (Hagemann & Erdmann,
1994). The pathways for the salt-induced biosynthesis of sucrose and treha-
lose have not been elucidated in cyanobacteria.
Cells of the halophilic strain 7418 adapted to high salt concentrations
mainly by accumulating glycinebetaine. Halophilic cyanobacteria can not be
grown in a salt-free basal medium, because they require a minimum content
of NaCl. A concentration of 426 mM already led to a considerable accumula-
tion of glycinebetaine (Fig. 1). Compared with the accumulation of sucrose
and GG in the less halotolerant strains, the glycinebetaine accumulation
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Figure 1. Contents of osmoprotective compounds per cellular protein in cyanobacte-
rial ceUs adapted to different salt concentrations. (Black columns: sucrose accumu-
lation in strain 7942; Shaded colurnns: glucosylglycerol accumulation in strain
6803; Open columns: glycinebetaine accumulation in strain 7418.)
showed a long lag phase of about 24 h. After that the osrnolyte concentration
increased significantly. Such a long lag period was also observed in salt-
shocked Spirulina subsalsa ceUs (Gabbay-Azaria & Tel-Or, 1993). The minor
osmolytes of strain 7418, proline and GG, were accumulated transiently in
higher amounts, while they were detectable only as minor components in salt-
adapted ceUs (not shown). The enzymes involved in cyanobacterial glycine-
betaine synthesis have not been characterized as yet.
Comparing the accumulation of osmoprotective compounds in the three
strains, it became obvious that the degree of accumulation did not always corres-
pond with the external salt concentration. The amount of GG in strain 6803 at
684 mM NaCI c1early exceeded that of sucrose in strain 7942 at 428 mM
NaCI. The amount of glycinebetaine in strain 7814 at 1.7 M NaCl, however,
resembled that of GG. This could be an indication for the higher efficiency of
glycinebetaine regarding its osmoprotective features.
Active ion export mechanisms: The estimation of true ion contents of salt-
treated cyanobacterial ceUs proved to be difficult especiaUy with respect to
stripping the ceUs from externally attached ions. Nevertheless, using isotopic
or 23Na-NMR techniques reliable values were obtained for several strains.
Summarizing these data, it can be assumed that amounts of Na+ and CI- in
completely salt-adapted cells are only slightly enhanced compared to cells
grown in basal media (for literature see Hagemann et al., 1996). In contrast,
immediately after a salt shock the internaI ion content increases several fold.
But during the adaptation process, the ions are exchanged against the synthe-
sized osmoprotective compounds leading to the low values, which are charac-
teristic for adapted ceUs (Reed et al.. 1985; Gabbay-Azaria & Tel-Or, 1993).
The mechanisms involved in active ion export are only poorly characterized
in cyanobacteria. In the literature, the Na+/I--I+-antiporters are favoured. How-
Bulletin de l'Institut océanographique. Monaco, n° spécial 19 (1999) 567
AQUACULTURE AND GENETIC MANIPULATIONS
ever, the necessary proton motive force should be established via the respira-
tory chain, cytochrome oxidase and H+-ATPases (see Gabbay-Azaria & Tel-
Or, 1993). In biophysical studies it was cIearly shown that cyanobacteria
grown in alkaline media like marine environments exhibit no or even negative
values of the proton motive force. Therefore, the action of a primary active
Na+-ATPase should play the most significant role for Na+-export under these
growth conditions, while a Na+/H+-antiporter could be only of minor impor-
tance mainly for pH regulation (Ritchie, 1992). Nevertheless, until now there
is no direct proof for the existence of a primary active Na+-ATPase in cyano-
bacteria.
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Figure 2. Protein synthesis pattern of salt-shocked cells Cl h after adding salt) of
the cyanobacterial strains 7942 (Janes 1,2),6803 (Janes 3, 4) and 7418 (Janes 5, 6)
obtained by pulse-Iabelling experiments using 35S-methionine. Lanes 1,3,5: pattern
of cells grown in basal medium containing 2 mM NaCI (strains 7942 and 6803) and
462 mM NaCI (strain 7418), respectively; Lanes 2, 4, 6: pattern after salt shock of
428 mM NaCI (strain 7942), 684 mM NaCI (strain 6803) and 1198 mM NaCI (strain
7418); Lane M: 14C-Iabelled rainbow molecular mass marker (Amersham Buchler).
Salt stress proteins are marked by an arrow.
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Expression of salt-stress proteins: Environmentally controlled changes in
the gene expression program can be relatively easily characterized by evalua-
tion and comparison of protein labeling patterns. In aIl strains used in this
study, the appearance of salt stress proteins could be detected. In strain 7942
protein bands of 14.5; 19.8; 23.5; 26.7; 29.3 and 84.0 kDa were found to be.
induced or more intensively labeled in cells shocked for 1 h by 428 mM NaCl
(Fig. 2). In salt-shocked cells Cl h, 684 mM NaCl) of strain 6803 the foIlow-
ing stress proteins appeared: 6.8; 13.5; 16.6; 18.5; 23.0; 24.8; 31.0; 34.0 and
63.9 kDa. Only 4 different stress proteins (21.8; 39.7; 52.3 and 68.2 kDa)
emerged after labelling of cells of the strain 7418 for 1 h at 1.711 M NaCl.
The number of stress proteins seems to correspond with the strength of the
stress, being obviously most pronounced for strain 6803 and least intense for
strain 7418, which was preadapted to salt. Only one shared protein band of about
23 kDa could be detected among the salt stress proteins. It could be found in
strain 7942 as well as in strain 6803 (Fig. 2). But, this does not necessarily
mean that both protein bands represent proteins of identical function. Most of
the salt stress proteins were of relatively low molecular masses. In contrast,
after heat shock (42°C, 1 h) high molecular mass proteins were dominating in
strain 6803. Comparisons of salt- and heat-induced stress protein synthesis of
this strain revealed that most of the stress proteins represent general stress
proteins, since they were induced by both, heat and salt treatments (Hage-
mann et al., 1991). One of the general stress proteins was isolated from strain
6803. After estimation of its N-terrninal sequence it could be identified as the
alternative electron transporter flavodoxin (Fulda & Hagemann, 1995).
In future experiments the biosynthetic pathways involved in sucrose, treha-
lose and glycinebetaine synthesis will be elucidated as well as their regula-
tory properties. Furthermore, the function of selected stress proteins will be
analyzed.
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Aphanothece halophytica is a halotolerant cyanobacterium that forms a
soft gelatinous thallus, with the cells evenly dispersed within the gel. Since its
description by Frémy (Hoff & Frémy, 1933), it has often been cited as domi-
nant in hypersaline mats. Although it was originally described as a single spe-
cies, different genomic entities have been announced (Campbell & Golubic,
1985; Dor & Hornoff, 1985) with size and length-to-width ratio that depend
on the temperature and salinity of the environment. Moreover, strains fitting
the description of A. halophytica, cluster in a monophyletic, but diverse,
group (the Halothece Cluster) encompassing aIl highly halotolerant unicellular
cyanobacteria (Garcia-Pichel et al., 1998).
Lipids are one of the major components of cytoplasmic and thylakoidal
membranes. The literature on this subject (Harwood, 1997; Ritter & Yopp,
1993) shows that the lipids from bath types of membrane are very similar to
each other and to those of green plants (Mustardy et al., 1996). To a certain
extent, the variation is linked to temperature and to the osmotic environment
(Ritter & Yopp, 1993). In addition, inside the cells, lipids are present in the
form of osmiophilic granules (Jensen, 1993).
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The hydrocarbon (He) composition of cyanobacteria is relatively simple,
i.e. with one or two predominant (70-90% of total He), generalIy saturated
hydrocarbons with odd-numbered chain length (C15 -C19), sometimes
accompanied by hydrocarbons with one methyl branching (7-, 8-, 4-) and
accounting for a low percentage of celI dry weight « 0.04%) (Han et al.,
1968).
The current study focuses on the ultrastructural features of lipid inclusions
and the chemical characterization of fatty acids and hydrocarbons found in a
wild sample of Aphanothece halophytica, collected in a coastal salt work.
MATERIALS AND METHünS
ORGANISM AND CULTURE CONDITIONS. - Samples were obtained from "La
Trinitat" salt fields, on the Ebre delta (40° 35'N, 0° 40'E, Catalonia, Spain).
The cells for the present study were collected from a pool with a salinity of
220 ppt on the day of sampling (2 May 1994), although the pool was studied
monthly for two years.
Cultures were established in 2% agarized fI2-Si medium (Guillard &
Ryther 1962), at 20 ± 1°C on wire shelves illuminated with 65-75 ilE. m-2 S-1
fluorescent light (Sylvania GRO-LUX, F30/GRO-T8) at 12:12 LD cycles.
SUBCELLULAR STUDIES. - Several protocols were followed according to
(Hemândez-Mariné, 1996). In brief, for the conventional method specimens
were fixed with 2.5% glutaraldehyde in cacodylate buffer. The Osrnium-Thio-
carbohydrazide-Osmium (OTO) histochemical technique, to reveal lipids,
was applied according to (Seligmann et al., 1996). For rapid freeze fixation
and freeze substitution the sample was projected against a block of ultrapure
copper cooled by liquid nitrogen using a Cryovacuumblock (Reichert-Jung).
Freeze-fracturing was carried out in a Balzers 301 high vacuum freeze-etch
unit. (Balzers A6, Balzers, Lichtenstein) without previous fixation and the
specimen was shadowed with platinum and coated with carbon. AlI viewing
was perforrned on a Hitachi-8oo MT electron microscope operating at 100 kY.
LIPID EXTRACTION AND FRACTIONATION. - The freeze dried sample was
Sohxlet extracted with dichloromethane (DCM) /methanol (MeOH) 2: 1. The
totallipid extract was saponified with 10% KOH in methanol, l2h at room
temperature, under nitrogen. The neutral and acid fractions were extracted
with hexane. The former were separated into hydrocarbon and alcohol frac-
tions by column chromatography through alumina and silica (Albaigés et al.,
Figures 1-4. Aphanothece halophytica. 1. Staining to reveal lipids (arO method).
TEM image of glutaraldehyde fixed wild specimen. Scale bar = 0.5 !lm. 2. Detail of
fibrous structure of the sheath, wall structure, lipid inclusion and dilated thylakoids,
filled with dark material (small arrows). TEM image of cultured strain processed by
rapid freeze fixation and freeze substitution. Scale bar =100 nm. 3-4. Freeze-fracture
replicas of cultured material, frozen without fixation or cryoprotection. 3. The nearly
sphericallipid inclusions were located between the outennost thylakoid membranes.
572 Bulletin de l"Institut océanographique. Monaco. na spécial 19 (1999)
LIPIDS OF APHANOTHECE HALOPHYTICA FROM HYPERSALINE ENYIRONMENTS
• and the cytoplasmic membrane, sorne of them are confluent. They were limited by
a membrane mono layer. Scale bar = 0.5 Ilm. 4. Enlargement of lipid inclusions
coated by a monolayer of paracrystalline structure with a regular striation. Scale bar
= 100 nm. Lipid inclusion (LG); Cytoplasmic membrane (CM); Thylakoid membrane
(T); Sheath (S).
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1984). The acid fraction was methylated with BF3 (10%)- methanol (Fluka).
The alcohol fraction was silylated with BSTFA (Merck). Fractions were dis-
solved in isooctane.
INSTRUMENTAL ANALYSIS. - The Ge analysis was run in a HRGC 5300 (Carlo
Erba, Italy) equipped with an FlD detector and a splitless injector, a fused
silica Capillary Column (CC) DB-5 (J&W, USA) (30 m x 0.25 mm x 0.25 um
film thickness) and CPSil88 fused silica CC (50 m x 0.25 mm x 0.2 um film
thickness) (Chrompack, The Netherlands). The carrier gas was hydrogen.
GC-MS analysis was performed on a Fisons MD-800 quadrupole mass
analyser (THERMO Instruments, Manchester), El mode at 70 eV, scan range
50-550 mJz per second. The ion source and transfer line temperatures were
280°C. The carrier gas was helium.
RESULTS
Morphology and ultrastructure were studied in wild samples and cultured
strains.
CELL MORPHOLOGY. - Wild specimens consisted of soft gelatinous mats,
formed by keritomized cells, evenly dispersed within the gel, cylindrical, 4.2-
6.2-(8.0) Jlm wide and 4.7-8.9-(12.0) !lm length. The field sample can be con-
sidered as consisting of Aphanothece halophytica (Fremy) or, according to
(Campbell & Golubic 1985), Aphanothece krumbeinii. Reduction of the size
and length and decrease in granulation were observed in the cultured strain, in
which cells were mainly isodiametric, 4.2-6.0 Jlm wide and 4.7- 6.8 Jlm
length and not or only sligthly keritomized.
CELL ULTRASTRUCTURE. - Transmission electron microscopy (TEM) cross sec-
tion through the mucilaginous masses showed an apparently uncompact
sheath, emanating from a continuous layer outside the cell. Sections through
the wild specimens had a bigger sheath than cultured specimens. Cells pre-
sented the typical structure of a multilayered Gram-negative cell wall
(Golecki & Drews, 1982; Jensen, 1993). Cells of both types of material were
devoid of gas vesicles and cyanophycin granules were scarce, while carboxy-
somes, osmiophilic inclusions and glycogen granules were common. In the
cultured strain thylakoids were closely parallel to the cytoplasmic membrane
and 60 to 80 nm apart. In wild specimens the double thylakoidal membranes
separated to form dilated intrathylakoidal spaces, arranged in a net-like confi-
guration and filled with dark material.
LIPm VESICLES. - The OTO method revealed that the peripherical osmiophilic
inclusions were lipidic. The lipid inclusions were located in the cytoplasm,
between the outermost pair of thylakoids and the cytoplasmic membrane, in
contact with both membranes. At this level, the lipid inclusions were abundant,
up to 50 per cell section in wild specimens, and scarce, no more than 5 in each
section, in the cultured strain. These individual inclusions were nearly spheri-
cal, with a diameter of6.8-l4.4!lm, although they could be more orless conflu-
ent, giving a beaded appearence. They were limited by a membrane monolayer.
Freeze-etched preparation revealed a paracrystalline structure with regular
striation, in which ribs had a lateral spacing of 4.3 ± 0.4 nm.
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LIPID ANALYSIS. - Table 1 shows an unusually high content on hydrocarbons
(20% total lipids, unsaturated HC represent 32% of total HC) in the wild
strain ofA. halophytica, compared to published values for other cyanobacterial
species « 1% totallipids, Winters et al., 1969; Alvarez Cobelas et al., 1989).
HC content shows a wide range of variation depending on algal class, species
and culture conditions. Because of the parallel distribution of unsaturation
percentages in FA and HC and the ranges oftheir chain-Iength (CI4-CI8) we
were able to indicate that these hydrocarbons were produced by A. halo-
phytica (for detailed HC and FA see composition L6pez et al., in prepara-
tion). Calculations of relative HC content on the basis of dry weight might not
be reliable due to the high content of polysaccharide-absorbed salts, which are
difficult to eliminate, even by rinsing with isotonie ammonium formate (Ber-
land et al., 1989), and not suitable for comparison with cyanobacteria with a
lower polysaccharide content.
Table 1. Lipid composition of the saponified extracl of A. halophytica
(wild sample).
Lipids Dry wt. /!glg Totallipids % Sutu...... % 1U...l.,"... %
Total hydrocarbons 168 20 32 68
Total fatty acids 658 78 62 38
Alcohols (phytol (82%) 20 2
1
Total extracted lipids 847 0.003*
* Lipid percentage ta sample dry weight.
DISCUSSION
When cultured, A. halophytica maintained its specifie morphologieal char-
acteristics and could still be separated from other morphological entities. The
alteration of cell shapes of the field specimens is caused by salt stress and
concomitant disruption of the division process. Cell size and length increase
proportionally to salinity (Berland et al., 1989) although strains do not 100se
their identity (Dor & Homoff, 1985).
At the ultrastructural level differences described in chroococcal cyanobac-
teria found in high salinity include keritomy (Berland et al., 1989; Rousso-
moustakaki & Anagnostidis, 1991) and increase in the number and size of the
lipid inclusions (personal observations in several strains living at different
salinities). For the particular A. halophytica under study, the differences in the
number of lipid inclusions found in the wild material v. the cultured strain,
were remarkable. Lipid bodies are a common inclusion in ail cyanobacteria,
with an average of 17 per cell (Allen, 1984; Jensen 1993; Nierzwicki-Bauer
et al., 1983) whereas they were far more abundant in our field sample.
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The dimensions and periodicities of the paracrystalline envelope of the
lipid bodies are the same as in the protein wall of gas vesicles (Griffiths et al.,
1992; Walker & Walsby, 1983). This suggests that the layer is of the same
type as the one in gas vesicles, the outer surface being hydrophilic, the inner
one hydrophobie.
The relatively high degree of unsaturation observed in both lipid classes
(HC and FA), makes them sensitive to osmium-based staining techniques.
This property linked to their high relative abundance in totallipids, allows us
to locate them tentatively in the lipid inclusions. The protein nature of the
lipid inclusions envelope makes them ideal containers for such compounds:
hydrocarbons may easily diffuse out through lipid monolayer or alter consid-
erably the properties of any lipid-based envelope. As we have not quantified
either the number of inclusions per cell, or the number of cells in the sample
analysed, we do not know whether the lipid inclusions are filled exclusively
with HC. A greater accumulation of unsaturated HC (17-76% cell dry weight
depending on the growth stage) inside cytoplasm vesicles has already been
found in the eukaryote alga Botryococcus braunii Kützing (Chlorophyta)
(Largeau et al., 1980). Both organisms accumulate carotenoids as a photopro-
tection pigment (Berland et al., 1989, Metzger et al., 1985). We cannot expect
carotenoids to be the major component of lipid vesicles in A. halophytica as
they do not correlate to salinity changes (Berland et al., 1989).
It would be highly speculative to infer a physiological role for the hydro-
carbons on the basis of the limited data available. (Joset et al. 1996) suggested
that the increase in the degree of unsaturation observed in Synechococcus
PCC6311, which reduces membrane permeability to ions (H+, Na+) and
increases fluidity of the membrane system (thylakoid, plasmatic membrane,
outer envelope), couId be an adaptation to salt-stress. A. halophytica is weIl
adapted to relatively high temperatures (43°C) as it can decrease the unsatura-
tion degree of its glycerolipid (GL) FA constituents (linoleic acid is the most
unsaturated in natural conditions) and increase the relative content of longer
chain FA such as C I8 (Murata et al., 1992). In this case an equivalent effect of
membrane ion-permeability decrease could be attained with a suitable
amount of HC, which would create a passive ion-barrier. HC would occupy
the center of the lipid bilayer (Gennis, 1989). Nevertheless, since the meas-
ured molar ratio of GL to HC (1.6: 1) seems too low for membrane stability, it
is unlikely that ail HC were mixed with the normal GL constituents of mem-
branes (Ritter & Yopp, 1993).
Attempts to determine the HC and FA content in cultured strain are in
progress.
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INTRODUCTION
Aquaculture is the production of fish, crustaceans, mollusks, and other
aquatic organisms in confined environments. Aquaculture production has
grown rapidly over the last 50 years and increasingly contributes to the grow-
ing demand for fisheries products. Fisheries catch from natural sources has
stabilized at 80 to 90 million tons per year (FAO, 1996) and this supply falls
short of an ever increasing demand. The CUITent annual production of aqua-
culture products is 20 million tons and contributes about 18% of the total
world fisheries production (FAO, 1996).
The major organisms cultured in ponds are carps, shrimps, tilapia, milkfish,
and catfish. Ponds typically vary from less than 1 ha to 10 ha in area with a
water depth rarely exceeding 2 m. Ponds are filled with water from aquifers,
runoff from watersheds, or from streams and estuaries. At the beginning of the
grow-out period, fertilizers often are applied to increase phytoplankton growth
and enhance availability of natural food organisms. Fertilization is supple-
mented with feed to achieve higher production and fish and crustaceans are
provided a pelleted, high quality feed on a daily basis. Farmers obtain a feed
conversion ratio (ratio of dry feed applied to net animal production) of about
1.8-3.5. Typically, fish and crustaceans consume the majority of the feed, but
sorne uneaten feed reaches the pond bottom to be decomposed by microorgan-
isms and converted to inorganic nutrients. Cultured animais convert part of the
feed they eat to flesh, but excrete feces, ammonia, carbon dioxide, and other
metabolites. As increasing amounts of feed and metabolic wastes enter the
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pond, concentrations of organic matter, nitrogen, and phosphorus increase in
the water column. In catfish ponds, daily feed addition during the warmer
months results in inputs of 200-4üO mg N/m-3 d-! and 30-60 mg P/m-3 d- I
(Tucker & van der Ploeg, 1993).
Phosphorus, ammonia, and nitrate serve as plant nutrients and stimulate
phytoplankton growth in aquaculture ponds. Large inputs of nutrients and high
solar irradiance stimulate rapid phytoplankton growth and the development of
dense phytoplankton standing crops. As dissolved nutrient concentrations
increase, Cyanobacteria increase both in biomass and relative contribution to
total phytoplankton community (Sommer et al., 1986). Cyanobacteria of the
genera Anabaena, Aphanizomenon, Microcystis, and Oscillatoria can form
extensive and persistent blooms in aquaculture ponds (Paer! & Tucker, 1995).
The ability to produce and maintain large blooms and the relative advantage of
Cyanobacteria in these conditions is explained by their lower requirements for
light (Zevenboom & Mur, 1984) and superior competitiveness at high pH and
low CO2 concentration (Shapiro, 1990).
Blooms of Cyanobacteria are undesirable in aquaculture ponds (Paer! &
Tucker, 1995). Uncontrolled phytoplankton dynamics and excessive algal
biomass cause problems, including sudden phytoplankton die-off leading to
oxygen depletion, low oxygen concentrations at dawn, impaired water quality
(e.g., high ammonia levels), release of toxins in the water column, and the
production of odorous compounds leading to the development of musty and
earthy-muddy off-f1avors in cultured animaIs. These events increase produc-
tion costs, limit fish marketability, and interfere with the production schedule.
Theoretically, the composition of light-limited phytoplankton communities
can be controlled if algae are removed at a rate that exceeds their maximum
growth rate (Reynolds et al., 1982). This may mean a removal of at least 10%
of the biomass per day, either mechanically, chemically, or biologically.
MECHANICAL CONTROL
Mechanical removal can be achieved either by using mechanical filters in a
recirculating system or by maintaining a high water volume f10wing through
the pond (i.e., operating the production pond as a chemostat reactor). Mechan-
ical filters have technical problems (e.g., fast clogging by large particles) and
usually are not economically feasible. Environmental regulations in the USA
are directed at the reduction of pollution in aquaculture effluents to prevent
detrimental impacts on receiving water bodies. In the future, request for dis-
charge permits of aquaculture effluents may limit the use of water exchange.
Intermittent destratification of the water column has been shown to effec-
tively reduce Cyanobacteria in stratified eutrophic environments (Reynolds et
al., 1984; Visser et al., 1996). Sorne noxious Cyanobacteria possess gas vacu-
oles that allow them to regulate their vertical position and ensure optimum
conditions in an environment with strong vertical gradients of light, tempera-
ture, and nutrients (Paer! & Tucker, 1995). However, Tucker & Steeby (1995)
showed that destratification through water circulation in I-m deep catfish
ponds did not affect the overall phytoplankton abundance or water quality
parameters and resulted in a prohibitive increase in production cost.
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CHEMICAL CONTROL
Phytoplankton community control with chemical agents is mainly achieved
in aquaculture ponds through the use of copper sulfate (CUS04, 5 H20) as an
algicide. Cupric ions (Cu2+) inhibit both respiration and photosynthesis in
algae (Tucker & Boyd, 1978). It is effective in reducing phytoplankton abun-
dance, but the treatment is non-selective, has little residual effect, and phyto-
plankton biomass will retum quickly to pretreatment levels. Problems with
low dissolved oxygen concentrations following treatment will also limit its
usefulness in aquaculture production ponds (Tucker & Boyd, 1978).
According to many experiments on algae cultures and in lake restoration
projects, modification of the N:P ratio has the potential to exclude Cyanobac-
teria from the phytoplankton (Smith, 1983). Low N:P ratios benefit Cyano-
bacteria fixing atmospheric nitrogen, reduce Chlorophyceae dominance, and
limit the likelihood of intense algal development. To maintain favorable N:P
ratios in aquaculture ponds, aluminum sulfate (alum) or calcium sulfate (gyp-
sum) can be used to precipitate phosphorus, or low quantities of nitrogen can
be added regularly. However, Cyanobacteria dominance in nutrient-rich aqua-
culture ponds is not due to nitrogen-limiting conditions, but rather to extra-
ordinarily high concentrations of total phosphorus (Paer! & Tucker, 1995).
In these conditions, phytoplankton communities are dominated by algae
with competitive advantage under light limiting conditions (Tucker & van der
Ploeg, 1993; Paer! & Tucker, 1995) or possessing the ability to regulate their
vertical position in the water column (Paer! & Tucker, 1995). In brackishwa-
ter ponds, high N:P ratios of 15: 1 or 30: 1 favor blooms of Bacillariophyceae
(Boyd & Daniels, 1993). Shrimp farmers often use fertilization programs that
will produce such ratios in an attempt to maintain high Bacillariophyceae
abundance. However, experience indicates that the long term maintenance of
such blooms in ponds receiving feed applications is not easily achieved
(Boyd & Daniels, 1993; Paer! & Tucker, 1995).
BIOLOGICAL CONTROL
Cyanobacteria control through the manipulation of planktivorous fish popu-
lations appears to be a favorable management mechanism in aquaculture
ponds. It has received attention with the study of the impact of silver carp
(Smith, 1985; Burke et al., 1986; Laws & Weisburd, 1990), bighead carp (Rea
& Bayne, 1990), paddlefish (Burke & Bayne, 1986), and tilapia (Torrans &
Lowell, 1987) on the ecosystem of catfish ponds. These studies concentrated
on the potential use of the planktivorous fish for controlling algal biomass
levels and little is known on the change in phytoplankton species composition
after the introduction of the fish. Stocking of silver carp, bighead carp, or pad-
dlefish resulted in decreased zooplankton density and increased total phyto-
plankton biomass (Smith, 1985; Burke et al., 1986; Burke & Bayne, 1986;
Laws & Weisburd, 1990; Rea & Bayne, 1990). However, Smith (1985)
showed that by providing a refuge for zooplankton, the resulting combination
of filtering pressure by the fish and the zoopiankton reduced algal biomass and
caused an increase in phytoplankton diversity. Blue tilapia are size-selective
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phytoplankton grazers that feed on particles larger than 25 Ilm or on zooplank-
ton with poor escape ability (Drenner et al., 1984). Preliminary results from
studies in catfish ponds showed decreased zooplankton density after blue tila-
pia introduction, with no net change in algal biomass (Torrans & Lowell,
1987). Blue tilapia, by directly feeding on phytoplankton, reduced the poten-
tial increase in algal biomass after removal of the primary herbivores.
Gizzard shad are filter-feeders that feed on large phytoplankton (> 60 Ilm)
and most easily captured zooplankton, as weil as periphyton and detritus
(Mummert & Drenner, 1986). Preliminary results from trials in channel cat-
fish ponds showed a significant change in the phytoplankton composition and
the shift from Cyanobacteria dominated blooms to a more diverse phyto-
plankton community. Such phytoplankton populations are known to produce
a more stable algal bloom and result in the amelioration of the oxygen
regimes. However, the filter-feeding fish was ineffective in controlling Oscil-
latoria cf. chalybea, a filamentous Cyanobacteria responsible for muddy-
musty ftavor in catfish ftesh. Gizzard shad will also interfere with the catfish
harvest and a high number of the larger fish will be captured and transported
to the processing plant. Processing plants in USA are charging a fee per ton of
gizzard shad brought into the plant and this fine will outweigh the little
advantage in producing a more stable phytoplankton bloom under the current
catfish culture conditions.
Zooplankton as a mean for controlling phytoplankton is still being studied.
Intensive grazing pressure by zooplankton could possibly restrict the poten-
tial growth rate of algae smaller than 50 Ilm. However, Cyanobacteria are not
effectively grazed by zooplankton (Haney, 1987; Lampert, 1987) and will be
more likely to dominate when zooplankton pressure removes the potentially
competing phytoplankters (Briand & McCauley, 1978). Reynolds et al.
(1982) concluded that high zooplankton grazing pressure is expected to
reduce the rate of increase of nannoplankton and small net plankton. The
reduction in small phytoplankton representatives does not automatically
translate in an increase in larger algae, such as Cyanobacteria (Reynolds et
al., 1982). The same restriction applies to the reverse; low grazing pressure is
only one of the conditions which must be satisfied before the net rate of
increase of small algae approach optimal rate (others are mixing regime,
underwater light intensity, temperature, and nutrient concentrations). Zoo-
plankton manipulation cannot be recommended to reduce Cyanobacteria
competitiveness in aquaculture ponds.
Biological control of Cyanobacteria with the introduction of algal patho-
gens or species-specific viruses in culture conditions once received much
attention and has been reviewed by Shilo (1971). Several problems are asso-
ciated with this practice and greatly reduce its potential for use in aquaculture
ponds. Extensive destruction of algae after the introduction of a pathogen is
generally followed by a resistant phase in which the population increases
(Shilo, 1971). Viruses have a high degree of host specificity and their effec-
tiveness as a control mechanism will be reduced in phytoplankton communi-
ties where more than one noxious species is present. Low encounter
probability between the pathogen and Cyanobacteria in large aquaculture
ponds further impair the practicality of this treatment.
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CONCLUSION
There is considerable incentive for understanding cyanobacteria dynamics
in aquaculture ponds and being able to manipulate algal communities to opti-
mize environmental quality for fish production. However, cyanobacteria ecol-
ogy is complex and poorly understood in aquaculture ecosystems. CUITent
management practices are directed at cOITecting problems that result from
uncontrolled phytoplankton development rather than controlling algal com-
munity structure and species composition.
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ABSTRACT
The difficulty often encountered in the generating ofaxenic cultures is
commonly known and weil reftected by the great variety of purification methods
used. Although numerous techniques have been described, most of them have
usually failed or were not suitable for ail cultures. Differentiai gel electro-
phoresis and Percoll gradient centrifugation, applied by us, appear to be more
effective than sorne other methods in reducing the number of microbial "con-
taminants" present in freshly isolated cultures of cyanobacteria from marine
environments.
The biotechnological potential lies in the working hypothesis that second-
ary metabolites in mixed cultures may differ markedly from those ofaxenic
cyanobacteria and chemoorganotrophs, respectively.
INTRODUCTION
Since cyanobacteria are to be treated according to the rules of the bacterio-
logical code it is essential to do physiological and molecular experiments on
axenic cultures. The term axenic (a-xenic, xenic, xenos = foreign), means
basically that a culture of singled out cyanobacteria is free of any accompany-
ing organisms. Unicyanobacterial means that only one cyanobacterial clone
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is present in the culture. Basically this is fulfilled in a pure culture of any bac-
terium. Pure, however means in relations to rather large cyanobacteria that
only one single clone is represented in the culture. Because cyanobacteria
have a size in relation to chemoorganotrophic bacteria comparable to that of a
dog and his flea, the term "axenic" was introduced to describe this special
case of pure culture. This problem occurs especially with cyanobacteria and
in relatively decreasing importance with green algae, diatoms and lastly with
fungi and protozoa.
As it is weil known (Becker, 1992; Fritsch, 1945), cyanobacteria grow
under natural and laboratory conditions in close relation or even synergism
with chemoorganotrophic bacteria (Fig. 1). Production of cyanobacterial
axenic cultures is often a time-consuming task rewarded with a low rate of
success, Le. sorne cyanobacterial cultures invariably die when they were made
completely axenic not unlike so-called "sterile" animaIs.
7oo,----------------------------,25
20
~1
-x-2
-----<:r- 3
-+-4 ~x
x~ 15 E~~~ ,__,'0 i
x__x_x /
/ +-+-+ 5
/ ~ +----------x +__+~
+------O~=----'--------'----'---------'-----'--------L---'--------'--------.JOo 5 10 15 20 25 30 35 40 45
Time [dl
600
100
x 400
Qi
.c
E 300
:>
c:
~ 200
E 500
~
Figure 1. Growth curve of the untreated culture in comparison with the almost-
axenic Synechocystis sp. culture. 50% decrease in the growth rate was found in
axenic culture after 45 days of incubation: 1-2. untreated culture: 1. cell number
x 106 ml, 2. optical density; 3-4. almost-axenic culture: 3. optical density, 4. cell
number x 106 ml.
MATERIAL AND METHüDS
For ail purification experiments unicyanobacterial cultures from the
Geomicrobiology Culture Collection of the University in Oldenburg (Palin-
ska & Krumbein, 1995; Stal & Krumbein, 1985) were used.
SEM preparation followed standard protocols. The samples were dehy-
drated by increasing the concentration of ethanol and finally by the critical
point method (Balzers Union) before gold sputtering. Samples were analyzed
using a Zeiss (DSM 940) and a Hitachi (S-450) SEM.
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Percoll density gradient centrifugation
Two modes of Percoll (Sigma) centrifugation were applied, the first one
forming a Percoll gradient during the centrifugation step and the second one
with preformed Percoll gradients.
• 1 ml of sample was mixed with 10 ml of Percon solution consisting of
9 ml Percon and 1 ml of 1.5 M NaCI, or centrifuge tubes containing pre-
formed Percon gradients were loaded with 1 ml unicyanobacterial sample.
• Ultracentrifugation (Beckman L8-55, 12 h, 20000 x g, Beckman SW40
swinging bucket rotor).
Bacteriophoresis (Palinska & Krumbein, 1995)
• The Flat Bed Electrophoresis Apparatus FBE-3000 (Pharmacia Fine Che-
micals, Sweden) was used.
• Electrophoretic mobilities varied directly with the field voltage gradient,
which ranged between 500 and 1000 V, CUITent between 30 and 50 mA;
power of 30 Watts was applied.
Antibiotic treatment (Vaara et al., 1979; Ferris & Hirsch, 1991).
• The potential usefulness of six antibiotics: cycloserine (Sigma, 1 mg ml- I
and 2 mg ml- I), cycloserine (Fluka, 1 mg ml- 1 and 2 mg ml- I), ampicil-
lin (0.1 mg ml- 1), penicillin G (10 mg ml- 1), streptomycin (10 mg ml- 1)
and the combination of peniciIlin G, streptomycin and neomycin (10 mg rnI- J)
in generating axenic cultures was tested.
• The cultures were preincubated in the dark with addition of 0.01 % SNS
solution (2.5% saccharose, 0.5% yeast extract, 0.5% bacto-pepton), on a
rotary shaker for 4 h at 20°C and 150 rpm
• After the antibiotics had been added, the cultures were further dark incu-
bated for 24,48, and 72 hours, respectively, at 20°C and 150 rpm.
• Further, cultures were washed and plated into MN agar or glass fiber filters
(Whatman), saturated with liquid medium.
• After incubation for 4 weeks at 20°C and 5% (v/v) CO2 aeration, plates
were examined under the inverted microscope (Zeiss Axiovert 10) and
single colonies were subcultured in sterile, appropriate liquid medium.
The purity of isolates was confirmed by inoculating cyanobacteria on broth
medium supplemented with 1% glucose, 0.8% nutrient broth (Difco) and
Bacto-Peptone (Difco).
RESULTS
Electrophoretic separation, gradient centrifugation and antibiotics applica-
tion used for unicellular as weil as for filamentous cyanobacterial strains were
successful in terms of viability and purity of the organisms tested. Several
axenic cyanobacterial cultures were produced by the combined techniques.
In case of bacteriophoresis, ail the cells examined rnigrated towards the
anode with different mobilities separating cyanobacteria from accompanying
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chemoorganotrophic bacteria. After gradient centrifugation ail the cultures
tested seemed not to be affected in their structure, motility (if present) and
viability (as judged from light microscopy observations). Their further culti-
vation was not hindered as either. However, the amount of enriched cyano-
bacteria present in the appropriate band varied among the different species
investigated (from 10% to 87%). Additional centrifugation steps only slightly
enhanced the total number of cyanobacteria. The technique of Percoll gradient
centrifugation also was performed and found suitable for diatom isolation
from Wadden Sea sediments and mixed diatom cultures (Sevecke et al., 1997).
The antibiotic treatment with inhibitors of bacterial cell wall synthesis
(Cycloserine, Ampicillin and Penicillin G) resulted in the reduction of
accompanying bacteria up to 99.99% (Fig. 2). However, application of cyclo-
serine gave the best results. Treatment with inhibitors of protein synthesis
(Streptomycin and Neomycin) resulted not only in chemoorganotrophic bac-
teria reduction but in a reduction of cyanobacterial cell number (50-100%) as
weil, as these antibiotics also inhibit mRNA translation and coupling of
amino acids in cyanobacteria. Almost complete elimination of chemoorgano-
trophic bacteria was achieved after repeated in each case (24 hours incubation)
Figure 2. TEM-photomicrograph (negative staining) of Merismopedia sp. in close
association with chemoorganotrophic bacteria and fungi. Bacteria of the Pseu-
domonas group, coryneform gram-positive bacteria as weil as Caulobacter sp. and
fungi are found frequently and are transferred with the cyanobacterium in laboratory
culture. [Bar =1.5 /lm].
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with cycloserine, while the cyanobacteria cell number reduction only reached a
maximum of 17.5%. However, after the third cycloserine application, the
growth rate of cyanobacteria was essentially slower and up to 50% of the cells
have died invariably. The cyanobacterial axenic cultures unavoidably died,
when a minimum bacterial "contamination level", namely a Cyanobacteria/
Bacteria ratio of 106/10 cells was reached (Table 1). This fact hindered complete
purification and further experiments were undertaken only with almost axenic
cultures.
Table 1. Bacterial extracts effect on growth ofaxenic Synechocystis sp. culture
in forrn of inhibition (1), stimulation (8) and without effect (-)
after 18 days of incubation.
Hacterial isolates Autoclaved Sterile filtered Viable bacterialbacterial extract bacterial extract cells
Arthrobacter, strain1 - S S
Arthrobacter, strain2 1 1 1
Pseudomonas aeruginosa - S S
Pseudomonas fluorescens 1 1 S
Bacillus sp. - S 8
Flavobacterium sp. 1 S S
Alcaligenes sp. - S S
Coryneform bacteria S S S
Experiments with nearly axenic cultures revealed a kind of mutualistic
symbiosis between cyanobacteria and specifically accompanying hetero-
trophs. The stimulation effect of bacterial isolates on cultures of Syne-
chocystis sp. could be demonstrated as an active process of metabolic
coupling (Fig. 2).
DISCUSSION
Cyanobacteria are difficult to obtain in axenic culture, due to their charac-
teristic, thick mucilaginous sheath which harbours other bacteria and micro-
organisms. Thus protected, the bacteria are virtually impossible to eliminate
by standard microbiological plating and dilution techniques. A variety of
approaches has been tried for producing axenic cultures, but in all instances
they have involved trial and error techniques, very much dependent upon the
chance removal of microbial "contaminants".
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Figure 3. SEM-photomicrograph of the nearly axenic culture of Synechocystis sp.
(01 86) after running the electrophoresis. The minimum bacterial "contamination
level" (10/1 06), necessary for culture growth was maintained for further cultivation
experiments.
Axenic cultures especially of cyanobacteria but also of algae and fungi are
required for physiological and biochemical studies as weil as for large-scale
cell-suspension cultures. Hybridization studies such as the systematic investi-
gation of inter- and intraspecific cel! fusion and molecular biology techniques
such as amplifying the 16SrDNA by PCR also require axenic cultures.
The large number of methods employed is an indication that each species
of microorganisms is "contaminated" with a different microbial f10ra and
there is no single universal method available for obtaining axenic cultures.
The axenicity of cell culture must be verified carefully by allowing sufficient
time for contaminants to grow following the cleaning treatment.
Differentiai gel electrophoresis and Percoll gradient centrifugation applied
in our lab appear to be more effective than sorne other methods in reducing
the number of heterotrophic bacterial "contaminants" present in ail marine,
freshly isolated cultures of cyanobacteria. These two new techniques can not
only be applied for gaining axenic strains from pure cultures but also for the
recovery of cell material from commensalic or synergistic natural or labora-
tory communities.
Cycloserine was the most effective antibiotic against the "contaminants"
of our cyanobacterial cultures, and thus it seems to be the drug of choice in
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the antibiotic enrichment method. Although, not aIl accompanying bacteria
could be eliminated in case of our experiments.
After repeated antibiotic treatments, a cyanobacteria/bacteria ratio of
106: 10 was achieved, while the initial cultures were associated with 4-10
identified (Becker 1992) chemoorganotrophic bacteria. The uncompleted
elimination of accompanying bacteria (Table 1) indicated the resistance of
sorne of the bacteria to antibiotics used. Generally, it can be stated that inhib-
itors of bioprotein synthesis are not advisable for purification of "contami-
nated" cyanobacterial cultures and other choices and combinations of cell
wall synthesis-inhibitors should be tried in further studies.
The methods described above offer additional approaches to the classifica-
tion and molecular work on cyanobacteria and chemoorganotrophic bacteria
that live in consortia or symbiotic relationship with cyanobacteria, either
when pure cultures or when small amounts of non-viable cells are needed free
of contaminating foreign DNA or RNA.
However, one should stress that most of the axenic cultures have proved to
be difficult to maintain in an active healthy condition without the presence of
the heterotrophic bacteria. The cyanobacterial axenic cultures invariably died
when a minimal bacterial "contamination level", namely a CyanobacteriaJ
Bacteria ratio of 106/10 cells, was reached (Table 1). This fact hindered com-
plete purification and further experiments were undertaken with almost
axenic cultures. Experiments with nearly axenic Synechocystis sp. cultures
(Fig. 3) revealed a kind of mutualistic symbiosis between Synechocystis sp.
and specifically accompanying bacteria. Mineralization of organic matter by
chemoorganotrophic bacteria possibly prevents an inhibition caused by accumu-
lation of metabolic end products of the cyanobacterium in the liquid culture.
This is most probably the reason for the stimulating effects of the addition of
viable bacterial cells.
Several possibilities exists: (i) The associated bacteria oxidize autotoxic
metabolic products of the cyanobacterium; (ii) Chemoorganotrophic bacteria
stimulate the production of protective slimes, which in tum may be a sub-
strate for the latter; (iii) It is assumed that in the absence of chemoorgano-
trophic bacteria, autotoxic metabolic products in the slime sUITounding the
cells of cyanobacteria are increasing. The cyanobacteria react to this with
decreasing slime production; toxic compounds can easily diffuse into the
environment. In a "normal" association, the slime may have the positive
effect of creating a low diffusion zone of 02 and CO2 for the mutual benefit of
both bacteria.
Our observations provide the basis for concluding that cyanobacterial-
microbial interactions (i) lead to parallel optimisation of growth between
cyanobacteriaI hosts and associated chemoorganotrophs as consortia, (ii)
reflect physiological exchange processes allowing certain cyanobacterial spe-
cies optimum growth conditions and (iii) cyanobacterial-chemoorganotroph
interactions appear to be influenced by EPS products around the cyanobacte-
rium and may be used as a biotechnology potential. Cyanobacteria are recog-
nised as a rich but not yet extensively examined source of pharmacologically
as weIl as structurally interesting secondary metabolites (Borowitzka &
Borowitzka, 1988; Falch et al., 1995). However, very often activities detected
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in field collections ("contaminated" cyanobacteria) are not apparent when
axenic isolates are grown in laboratory cultures. Axenic cyanobacterial iso-
lates are obviously essential for molecular experiments but unfortunately not
for biotechnological purposes such as: (i) potential producers of high value
metabolites and biologically active compounds, (ii) rapid growth rates for
reaching high cyanobacterial biomass, (iii) exhibiting of antimicrobial activity
and (iv) the role of putative "antibiotics" in ecology in preventing disease in
algae or fouling by bacteria and other microorganisms.
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INTRODUCTION
Salt-works represent a valuable source of exploitable resources. Micro-
algae in the ecosystem have essential functions intervening in the salt produc-
tion, the transformation and the enrichment of salt-works mud. As a general
mIe, algal blooms are beneficial: they color the brine and increase the solar
and heat absorption, thus increasing the water temperature and accelerating
the evaporation, which in turn favors an increase in salt production. Further-
more, they create a mande spread over the bottom of the lagoons, preventing
from brine filtration.
Thanks to their physiological flexibility, cyanobacteria are the primary
producers predominant in the system. They respond to salinity changes alter-
ing their shape or producing mucilaginous coatings which, in a way, isolate
them from the extemal environment (Dîaz & Reyes, 1990).
It is essential that the technical, operational and biological processes are
coordinated to achieve the highest efficiency in the system. If this fails,
uncontroBed production of the mucilaginous algae in ponds will reduce the
evaporation of the brines. The decomposition of the suspended organic matter
induces a decrease in the size of the salt crystals. In extreme circumstances
the high viscosity of the water will inhibit the crystal formation and their pre-
cipitation. In aB the cases, the production and quality of the product will be
reduced.
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Moreover, microalgae produce substances which are released to the envi-
ronment allowing proliferation of bacteria in the water and sediment. Indeed,
their produce a biogel tightly mixed with the mud, which becomes more
greasy and enriched.
This article deals with four aspects of Cuban salt-works 1) the positive and
negative effects of cyanobacteria onto salt production and mud utility for
therapeutic treatment 2) the sediment microalgae assemblages 3) the influ-
ence of storage conditions onto the useful time life of the mud 4) examples of
eutrophication or brine contamination.
SALT-WORKS CONTAMINATION EVENTS
In 1979, in the Cerro Guayabo Salt-work, a yellow coloration of the brine,
followed by an increase in viscosity was observed at salinity between 5-6 psu.
As brine salinity increased (from 13 psu), small orange corpuscles appeared
on the surface of the ponds, increasing in number and grouping into fila-
ments, forming a spongy mass of growing size and jelly consistency. Later
on, bubbles in the liquid increased in size and the brine reached a high viscos-
ity, like a mucilage. In the final lagoons, the large spongy colonies sedi-
mented to the bottom, still producing gas bubbles and creating a compact
crust completely covering the bottom of the lagoons. The viscosity of the
residual brine remained high as weil as the yellow-orange color. Small whit-
ish spots appeared as filaments. The algal crust of the bottom stank and, when
exposed to the sun, created a dryness protection made of a yellow-white,
hard, flexible waterproof coating. After a long sun exposure, dryness was
complete and once the brine was added the initial vegetative condition
returned again. The algae involved in this contamination were Gleocapsa tur-
gida, Coccochloris elabens and Oscillatoria sp. (Areces & L6pez, 1981). The
consequences were the non crystallization of the salt and the need of raising the
floors of the salt-work. The time required to reestablish its flow was 3 years.
In 1982, an alteration of the brine was observed at the" 10 de Abril" salt-
work. It started when the salinity was 14 psu and then increased to a maxi-
mum characterized by an abnormal yellow-orange color, and in sorne areas
by the presence of whitish filaments in the brine. Salt crystallized, but with a
poor quality. Inter-crystal occlusions of the brine were observed. Crystals
were small and not firmly cemented, showing the typical shape of a hollow
pyramid. Reported algae belong to the genus Gleocapsa and Aphanothece.
From 1989, the "9 de Abril" Salt-work was affected by such event, with
higher consequences upon the economy since it remained out of activity for a
long time (Popowski et al., 1996).
STATE OF KNOWLEDGE
Thanks to the survey on the biological characterization of ail the salt-
works over the country it is now known:
1. In lagoons with salinity > 13 psu and inside the crystallizers, the plank-
tonic fauna is absent with the exception of Ephydra gracilis larvae.
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2. The highest development of microalgae with predominance of cyanobacte-
ria is due to 5 or 6 species: Aphanothece halophytica, Myxobaktron sati-
num, Synechococcus sp., Gleocapsa turgida, Spirutina nodosa and
Coccochloris elabens (Fig. 1). In sorne unaffected salt-works a co-domi-
nance of Dunatiella satina is observed. (Popowski 1998).
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Figure 1. Distribution and abundance of cyanobacteria in ail cubans' salt-works
according to salinity.
3. An input of organic matter rich water in the salt-works from rainfall or from
uncontrolled wastes favors or clisplaces the biological system towards an
increase of the vegetal biomass. This occurs in an area without predators.
4. The presence of whitish filaments on the surface of the water is a waming
about the presence of this phenomenon.
5. In the most critical situations the water viscosity increases progressively
forming a gel which does not allow evaporative exchange with the atmos-
phere and even partially or totally interrupts the process of precipitation
and crystallization of the brine and/or causes the formation of algal mao-
tles on the bottom of the lagoons.
6. An inadequate exchange in the salt flow implying a clash between waters
from different density causes the decomposition of the waters.
7. The formation of a mucilaginous halo is a defensive action of the micro-
algae to counteract the saline effect upon them provoking an increase of
the viscosity on the water surface.
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8. A sustained and uncontroHed use of sodium hypochloride as an oxidizing
agent of the organic matter produces optimal conditions for the growth and
development of new cyanobacteria.
ROLE OF MICROALGAE
IN THE MEDICAL MUD
The distribution and composition of microalgae assemblages vary depend-
ing on salinities: diatoms and dinoflageHates (organisms rich in pectin and
silica) are found in salinity < 13 psu. Chlorophyceae and cyanobacteria are
widely distributed up to the area of the crystallizers with a predominance of
cyanobacteria.
The content of particulate organic matter varies from one salt-work to
another, but almost in the totality of them the main contribution is given by
the microalgae.
Lipids and protein content in the sediment from El Real salt-work (974 and
651 Ilg/g, respectively) (Miravet et al., 1993) could be supplied by cyanobac-
teria.
Among the cyanobacteria, the Spirulina are rich in vitamin B, in particular
B-12 (used in osteoarticular diseases), and in vitamin C, E, and A. Their
enzymes and other antioxidant agents can neutralize the free radicals impli-
cated in aging (Bulik, 1993).
Phycocyanin stimulates the immunological systems, protecting against
sorne diseases (Iijima et al., 1982). Phycobilin are used as antitumoral agent,
as weil as in the treatment of ulcers and bleeding hemorrhoids (Dainippon
Ink, 1983).
The hydrolyzing enzymes improve the metabolism of the skin and prevent
from keratization.
A therapeutic action is observed in different polyunsaturated fatty acids,
for example the Ô linoleic acid (GLA) abundant in Spirulina. These acids give
relief to sorne inflammatory phenomena, mainly after suffering bums,
increasing the resistance of the skin and improving cicatrization in wounds
and ulcers (Durand Chastel, 1993).
MUDSTORAGE
Storage experiments performed in different types of containers and light
conditions (concrete container with and without natural light, and plastic
container without natural light) demonstrated that during storage, the cell
concentration decreases drastically after 4 months, independently of the type
of container. A higher development of diatoms is observed in containers
without Iight (Fig. 2). In general, diatoms show higher light and nutrient
requirements. This group needs the presence of sulfur compounds or mineraI
sulfides in the ponds in order to increase silica in the cell membrane (Mar-
galef, 1983).
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Figure 2. Experiment outside Bido's Field in different conditions. Concrete
container (top left and bottom) and plastic (top right).
CONCLUSIONS
The strict control of the operational system is essential and should be
exerted with efficiency on a biologically balanced salt-work to keep the opti-
mallevels of quality and production.
We recommend a detailed research on the introduction of Artemia in salt-
works. Indeed, Artemia will act as a algal bloom controller and can also pro-
vide essential microelements and adequate substratum for the development of
halobacteria in the crystallizers with a positive incidence on the system.
(Tackaert & Sorgeloos, 1993).
Microalgae play and important role in the formation of medicinal mud
since the richness of the substratum depends on the composition and concen-
tration of the microflora.
After 6 months of storage, microalgae start dying and then transfer their
bioactive substance to the environment, supporting the growth of bacteria and
enriching the mud until the eighth month, when the rest of mud properties
deciine, loosing their activity unless water be renewed.
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ABSTRACT
Bioremediation using oxygen evolving cyanobacteria is a cost-effective
and ecofriendly approach to environment management. Many gaseous, solid
and liquid recalcitrant pollutants including those of natural and xenobiotic
origins viz; carbon-dioxide, nitrogen, phosphorous, phenolics, pesticides,
antibiotics, melanoidin, lignin and detergents are detoxified/metabolized by
cyanobacteria. Metals can be removed from effluents by the processes of bio-
accumulation and biosorption. Disinfection of sewage could be brought about
by cyanobacteria through the combined effects of pH and flocculation. In
spite of the immense potential of cyanobacteria, only very few attempts have
been made so far to use them to abate pollution. Attention needs to be given to
perfecting the biological treatment systems, employing useful cyanobacteria.
INTRODUCTION
Pollution is defined as the introduction by man into the environment of
substances or energy liable to cause health hazards to human or other living
resources and cause ecological damage or interfere with legitimate use of the
environment (Holdgate, 1979). Pollutants could be classified broadly as (i)
agricultural, (ii) municipal and (iii) industrial. The types and sources of pol-
lutants are diverse and include solids, liquids and gases. The removal of pol-
lutants by physico-chemical treatments are energy and cost intensive and
generate secondary pollution. Newer technologies emphasize detoxification;
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metabolization; accumulation and disinfection of the effluent systems by
introducing selected microbes, instead of relying on natural populations
which are contained in conventional biological treatment systems.
The ever increasing level of pollutants necessitates the evolution of tech-
niques for their removal. Remediation by chosen microbes is called "bioreme-
diation" and is done primarily by bacteria, and fungi. Bioremediation is broadly
classified as "ex situ" and "in situ" (Baker & Herson, 1994). Bacteria though
represent a diverse group of prokaryotic organisms with ubiquitous distribution
in varied habitats. Their drawback is that they deoxygenate the environment
during mineralization, which negates the proeess of pollution abatement.
Henee, the oxygen evolving photosynthetic prokaryotes, cyanobacteria, found
in varied aquatic and terrestrial habitats in nature as well as in association with
other organisms (Fogg et al., 1973) can be judicially exploited. They show high
flexibility to varied environments because of their trophic independenee to
carbon and even nitrogen in a number of cases. Microalgae or cyanobacteria
with high growth rates high biomass and high utilization potential along with
large surfaee area are highly suitable for effluent treatment. The biological treat-
ment of wastewater with algae to remove nutrients was first proposed by Oswald
et al. (1953). Cyanobacteria could play a dual role of cleansing the wastewater
and also serving as a source of feed, fertilizer, or fuel.
CYANOBACTERIA AS ALLEVIATORS OF POLLUTANTS
Solids wastes
Lignocellulosic materials comprise about 95% of the earth's biomass (Dun-
lop & Chiang, 1980), lignin amounts to about 25% of dry weight of wood and
50% of the total biomass. It is a recalcitrant biopolymer due to the stable ether
and ester linkages between monomeric polypropane units (Sarkaran & Lud-
wig, 1971; Lehninger, 1977). In nature, lignin is converted to humic and fulvic
acid by microorganisms, but the process is very slow. Coconut (Cocos nuci-
fera Linn.), one of the most useful and extensively cultivated palms in tropical
countries yields coir dust wastes rich in lignin (1,000,000 tons per year). Its
disposaI is a problem because of its recalcitrance, although a limited quality is
used as a soil conditioner (Thampan 1981). Cemiglia et al. (1980a, b) has
reported ring cleavage by cyanobacteria in aromatic compounds. Exeept for a
solitary report of Bharati et al. (1992) which relates to the removal of lignin
content in a paper mill effluent by cyanobacteria, there is no other information
on lignin degradation and related enzymes by cyanobacteria. For the first time
the degradative ability of a symbiotic cyanobacterium Anabaena azollae ML2
has been proved by showing laccase and polyphenol oxidase activities. It was
also substantiated by the change in absorption peak in the UV region due to
the release of phenols during depolymerization. It is suggested that oxidation
of lignin could be due to peroxide radicals resulting in the cleavage of aryl-c-
bonds (Malliga et al., 1996). They have also found that coir waste can be used
as a carrier for BGA biofertilizer in view of its better attributes compared to
soil as a carrier, and this proved to be the best way of disposing this solid waste
as it will be totally digested in the field.
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Liquid wastes
REMOVAL OF ANIONS. Fresh water cyanobacterial strains of Anabaena sp.
(Subramanian & Shanmugasundaram, 1986) Phormidium (de la Noue &
Proulx, 1988) Oscillatoria pseudogeminata var unigranulata (Manoharan &
Subramanian, 1992) have shown increased growth and resulted in the removal
phosphate and nitrogen in sewage to an appreciable extent. When compared to
free living cells, immobilized cells eliminate the necessity of harvesting algal
cells. Two fresh water forms of cyanobacteria viz Phormidium sp. and Lyng-
bya sp. immobilized on the deacylated form of chitin (chitosan), was shown to
remove 95% of phosphate, and 98% of nitrogen in 24 h (de la Noue & Proulx,
1988). This technology ofbioreactors using immobilized organisms appears to
be a promising "ex situ" bioremediating process for effluents rich in nitrates
and phosphates. Though there are reports on the use of cyanobacteria for the
treatment of sewage and simple effluents, their application on complex effluents
is relatively meagre. The conventional biological treatment systems are very
useful only in cases with high BaD and COD values. Oscillatoria pseudogemi-
nata var. unigranulata along with natural population removed various nutrients
like nitrate, phosphorous, ammonia, chloride and sulphate in paper mill and
ossein effluents (Manoharan & Subramanian, 1992).
Ossein effluent has characteristic high levels of calcium and chloride
(50,000 ppm and 15,000 ppm respectively) due to the rnineralization of bones
with acid. Therefore, a three stage integrated treatment system was designed by
Uma & Subramanian 1990. The first stage treatrnent included a marine bacterial
isolate, Halobacterium sp. US 101, essentially to reduce chlorides. This, under
laboratory conditions with a retention period of four days, showed a 10 fold
increase in cell number and reduced the chlorides and calcium by about 30%-
20% respectively. In the second stage, a marine non-heterocystous cyanobacte-
rium, Oscillatoria salina BDU 10142, introduced in the effluent further brought
down calcium by another 30% and chlorides to 12%, and the biomass was
80 rimes more than in the inoculum. An unicellular cyanobacterium Aphano-
capsa BDU 16 (Bharathidasan University), showed better growth than 0. salina
BDU 10142, but was able to reduce calcium and chlorides by another 3 and 5%
only in the third stage. However, the overall reduction of calcium amounted to
53% and chlorides to 46.5%. Though "in situ" results performed in a 5000 litre
capacity system were not totally comparable with laboratory results due to the
multiplicity of factors operational in the field, the overall reduction in the field
trials using these organisms amounted to 40% in calcium and 25% in chIorides
with the same retention period and this was very much more than what could be
obtained in conventional biological treatment. The fish Tilapia which showed
poor adaptability to untreated effluent, showed 100% survival and multiplied
vigorously in the final treatment tank with cyanobacteria as a sole feed source
over a period of six months. This proved, the non-toxicity of the cyanobacteria
used as well as the treated effluent.
REMOVAL OF HEAVY METALS. Metal-containing waste waters emerge from
electroplating, tanning, canning, pesticide and film processing industries as
well as from nuclear reactors. In recent years, there has been wide-spread
concem on the removal of heavy metals from waste waters in order to avoid
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Table 1. Cyanobacteria as bioremediators in different types of wastes.
Origin Chemical nature Organism Enzymes involved
ofwastes & Type in bioremediation
1. Industries CO2 Cyanobacteria RUBPcase
(Gaseous)
2. Industrial Petroleum compounds Agmenellum quadrupli-
(Liquid) (Biphenys, Napthol) catum
Phenol Phormidium valderianum Laccase, Polyphe-
BOU 30501 noloxidase
Pesticides (Ekalux, Nostoc, Anabaena Phosphatase
BHC)
Metals (Cr, Ni, Pb), N. calcicola BOU 40302,
Ca Oscillatoria formosa
BOU 130511
3. Agricultural Solids (ligno- Anabaena azollae ML2 Laccase, Polyphe-
cellulosics) noloxidase
bioaccumulation / biomagnification problems of environmental pollution and
to retrieve the noble and rare metals.
Microrganisms detoxify the metals by transformation, alkylation, reduc-
tion and oxidation. Uptake of metals can be active or passive (Greene et al.,
1987). There are a number of reviews on bioabsorption and bioaccumulation
of metals by algal biomass, but the studies pertain only to a few alga1 groups
other than cyanobacteria (Kuyucak & Volesky, 1990).
Heavy meta1s get bound to various functional groups such as cell wall
polysaccharides (Moore & Tisher, 1965), lipids and to proteins containing
severa1 carboxyl (Fattom & Shilo, 1984) sulphate (Fattom & Shi10, 1984),
phosphate, amino and cysteinyl (OIafson et al., 1979; Hammer, 1986) ligands
which provide binding sites and thus reduce the metal toxicity.
Siderophores, secreted by organisms under iron starving conditions in the
milieu chelate iron (Messenger & Ratledge, 1985). There are reports on
cyanobacteria1 siderophores also (Boyer et al., 1987; Abdul Ahmed, 1995;
Simpson & Neillands, 1976) indicating their use in metal removal.
DEGRADATION OF RECALCITRANT COMPOUNDS. Toxic organic compounds are
catabolized in the environment to structurally simple molecules by a diverse
group of microorganisms through ring hydroxylation, o-methylation, side-
chain hydroxylation, acetylation and formylation (McEldowney et al., 1993).
Narro (1987) has elucidated the metabolization of petroleum aromatic com-
pounds such as naphthalene, biphenyls, aniline and phenanthrene under pho-
toautotrophic conditions by the oxygenases of Oscillatoria sp. and
Agmenellum quardruplicatum strain PR-6. Cemiglia et al. (1980a, b) also
have reported the oxidation of aromatic compounds by cyanobacteria. Of the
many aromatic compounds phenol is one of the most hazardous pollutants
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and its concentration ranges from 600-2000 mg 1- 1 in various effluents. A
marine cyanobacterium Phormidium valderianum BDU 30501 was found to
degrade phenol completely at 100 mg 1-1 by its intracellular oxidases and lac-
case enzymes (Shashirekha et al., 1997).
Soil serves as a receptacle for most of the pesticides. The destruction of
pesticides by cyanobacteria has been observed by several workers (Das &
Singh, 1977; Gregory et al., 1969; Metting & Rayburn, 1979; Subramanian,
1982; Subramanian & Shanmugasundaram, 1986). Subramanian et al. (1994)
have shown that Aulosira fertillisma ARM 68 and Nostoc sp. BDU 1 were
able detoxify and use pesticides as their sole phosphorus source, because they
produce a phosphate solubilizing enzyme, alkaline phosphatase.
Presence of the recalcitrant pigment melanoidin fonned by the Maillard
arnino-carbonyl reaction is one of the major problems faced in dealing with dis-
tillery effluent as it contributes to high BaD. Extracellular polysaccharide pro-
duced by a marine cyanobacterium Nostoc calcicola BDU 40302 was able to
remove the melanoidin of distillery effluent by about 25% by flocculation
(Thangeswaran, 1991). Immobilized fresh water cultures of Nostoc sp. BDU 1
and BDU 2 also were able to reduce colour by about 35% (Subramanian, 1991).
Among the 14 marine cyanobacterial strains tested for their melanoidin decolor-
izing ability, Oscillatoria boryana BDU 92181 was able to reduce the colour by
81 % with a retention period of 30 days in nitrogen-deprived condition but phos-
phate amendment. It appears that the cyanobacteria use melanoidin as a nitrogen
as weil as a carbon source under nitrogen-deprived conditions. It is also postu-
lated that the release of HzOz, and the perhydroxyl anion with nucleophilic
activity is responsible for the degradation of melanoidin (Sukanya, 1997).
As many other industries, pharmaceuticals also produce troublesome
wastes. The antibiotic wastes impart objectionable odor and inhibit valuable
microflora in the soil and in the receiving waterbodies. One such is the f3-lactam
group (e.g.) penicillin and ampicillin. It is interesting to note that a marine
filamentous non-heterocystous cyanobacterium Phonnidium valderianum
BDU 30501 not only degrades and detoxifies such wastes but also uses such
antibiotics as its nitrogen source (Prabaharan et al., 1994).
Alkylbenzene sulphonates are non-biodegradable anionic detergents. In
sewage they reduce oxygenation because of foaming, and eliminate useful
plasrnids from bacteria. A marine filamentous non-heterocystous cyanobacterium
Oscillatoria willei BDU 130511 has been found to degrade alkylsulphate by
means of the intracellular inducible enzyme arylsulphatase and to use it as a
sulphur source (Ulka, 1997).
DISINFECnON. Algae in wastewaters are said to accelerate the death rate of coli-
fonns and other pathogens coming from the intestinal flora (Parhad, 1970).
Oscillatoria wellei 130511 with a holding time of 96 hours was able to show
96% bacterial removal (Kalaichelvi, 1997). Rapid alteration in the pH of the sur-
rounding medium was known to be brought on by the marine cyanobacterium
Phonnidium valderianum BDU 30501 in chlor-alkali effluent of pH 2.8 rising to
8.5 in 48h; such a phenomenon probably elirninates the colifonns in sewage
(Uma & Subramanian, 1994). This simple way of disinfection is economical and
non-polluting compared to chlorine and ozone wastewater treatments.
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Gaseous waste - Carbon-dioxide
The most important single element in the biological realm and the sub-
stance that serves as the comerstone of cell structure is carbon. It has been
calculated that CO2 in the atmosphere increases by about 1.5 ppm per year
and the concentration has reached 350 ppm (Seigenthaler, 1990). Since algae
occupy an important position in the trophic level, they play a pivotaI role in
the productivity of waterbodies in and maintaining CO2 concentration by
acting as sinks. Ludwig et al. (1951) in a study conducted at the University of
Califomia have shown that wastewaters bubbled with air containing 2.3%
CO2 showed increased cell growth in algal-bacterial systems compared to the
atmospheric air of 0.03% CO2. Singh (1961) has observed increased pigment
content with increase in soluble CO2 from 0.23 to 8.1 ppm in soil indicating
that algae, especially cyanobacteria, have a great potential to act as CO2
sinks. This is supported also by the fact that higher levels of CO2, increased
RUBP carboxylase (Rubisco) activity in Anacyatis nidulans (Dohler, 1974)
and an increase of Rubisco protein binding sites (Yokota & Canvin, 1986).
This brief review on the potential of cyanobacteria in environmental man-
agement clearly points to the need for greater attention by workers around the
world to exploit this group of microbes to cleanse the environment in an inex-
pensive and sustainable way.
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Plate I. (FuJI Jegend on page 63) - Fig. A. Schizothrix sp.l on "mare à kopara".
Courtesy C. JEHL. - Fig. B. Schizothrix sp.2 on branches of Acropora. - Fig. C.
Entophysalis major, intertidal mats and microbialites. - Fig. D. Eoentophysalis
helcherensis, a 1900 My-old fossi!. - Fig. E. lsactis plana on rocks in the intertidal
zone. - Fig. F. Gardnerula corymhosa, a tropical coasta1 rivulariacean. - Fig. G.
Hydrocoleum lynghyaceum on Dalmatian limestone coast. - Fig. H. Lynghya aes-
tuarii in shallow, hypersaline intertidal ponds (p. 62).
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Plate III. (Full legend on page 69) - Fig. A. Cyanostylon-like cyanobacterium
inserted in fine carbonate mud. - Fig. B. Vertical section through one of the dark
colonies shown in Fig. A. - Fig. C. Extensive fields of Scytonema, Bahamas. -
Fig. D. Filaments of Scytonema endolithicum, Sicily, Italy. - Fig. E. Carbonate
boring coccoid Hyella racemus, Bahamas. - Fig. F. Characteristic fork-like bran-
ching of Hyella stella. F10rida Keys, USA. - Fig. G. Fossil ooid-boring cyanobac-
teria Eohyella dichotoma and Eohyella sp. Courtesy A. KNOLL. - Fig. H. Biokarst
formation typical of supratidal ranges of limestone coasts (p. 68).
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Figure 2. (A) Cloverleaf structure of the P marinus tRNAArgccu. The anticodon
bases are shown in yellow, the discriminator base in green, and the posttranscrip-
tionally added CCA in red. (B) Comparison of different cyanobacterial RNase
P RNAs. The P. marinus RNA has been aligned to the most related sequences of
several other cyanobacteria (ATCC29413 = Anabaena sp. ATCC 29413,
NPCC7413 = Nostoc sp. PCC 7413, SPCC7001 = Synechococcus sp. PCC 7001,
SPCC6717 = Synechocystis PCC 6717; Vioque 1997). Although structurally stron-
gly related, cyanobacterial RNase P molecules contain large blocks of only poor
conservation that are displayed in pink (p. 80).
Bulletin de l 'Instilut océanographique, Monaco, n° spécial 19 (1999) 611
MARINE CYANOBACTERIA
Fig. 1. Macroscopic phototrophic structures and prokaryotic cells from Bahia
Concepcion, B.eS., Mexico. (A) Macroscopic phototrophic prokaryotic masses in
thermal spring at Santispac. (B) Chroococcus minu/us, associated with phototro-
phic filaments. Inset show Chroococcus turgidus. (C) Lep/olyngbya /hermalis. (D)
Limno/hrix amphigranulata. (E) Synechococcus elongatus. (F) Aphano/hece bullo-
sa. (G) Phormidium rubrum. (H) Lyngbya aes/uarii. (1) Calo/hrix con/arenii. (J)
Spirulina meneghiniana. (K) Beggia/oa sp. (L) Phormidium purpurascens. (M)
Spirulina sp. (N) Microco/eus ch/honoplas/es. (N) Spirulina subsalsa. Upper left
inset Spirulina sub/ilissima. Lower right inset Synechocys/is pevalekii (p. 90).
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Plate 1:
Fig. 1. Zonation of üTI coastal area. Zone] is covered by water. Zone n brown hue.
Zone III yellow white hue. Zone IV grey hue.
Fig. 2. Zone lIa, consolidated reef crest.
Fig. 3. Edge of brake of a consolidated piece of coral carbonate. The green band
(arrow) consists of OSfreobium quekellii, the orange band of Plectonema terebrans.
Fig. 4. Kyrthutrix dalnwtica. Scale bar equals 30 !lm.
Fig. 5. Herpyzonema illlermedia. Scale bar equals 30 !lm.
Fig. 6. Scytonema endolithicum. Scale bar equals 30 !lm.
(p. 128)
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Figure 3. Stromatolites at Hamlin Pool, Shark Bay, Western Australia (p. 151).
Figure 4. The global distlibution of coral reefs (adapted From Veron, 1986) (p. 152).
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Figure 5. Aerial view of One Tree Reef, Great Barrier Reef (p. 153).
Figure 6. Coral-dominated scene from the outer slope of One Tree Reef, Great
Barrier Reef (p. 153).
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Figure 7. Trichodesmium ery-
thraeum at a magnification of
1200 x, showing bundles of
trichomes. Photograph Laken
by 1. O'Neill (p. 155).
Figure 8. A large Tricho-
desmium bJoom on the
Great Banier Reef (Capri-
comia Section) (area bet-
ween Swains Reefs and
Capricom Group of Reefs)
stretching for several hun-
dred kiJometers. Taken by
NASA aslronaut from space.
Permission of National Space
and Aeronautics Adminis-
tration, USA (p. 155).
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Figure 9. Filaments of the heterocystous nitrogen fixing cyanobacterium, Calothrix
sp., from One Tree Island, Great Barrier Reef (p. 157).
Figure 10. Aphanothece sp., a nitrogen fixing unicellular cyanobacterium of coral
reefs (p. 157).
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Plate I. (Full legend page 204-20S) - Figure 1 Aerial view of a kopara Jake. -
Figure 2. Section of the top of a kopara deposit. - Figure 3. Enlarged view of the
top part of the reddish deposit in figure 2. - Figure 4. View of the structure of the
reddish organic matter in figures 2 and 3. - Figure S. Cryo-SEM enJarged view of
the polysaccharidic network in kopara of Jake R2. - Figure 6. Cryo-SEM micro-
graph of bundles of high-Mg calcite crystals. (p. 204).
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Figure 1. Dermocarpa leibleiniae 1-2, Aphanocapsa littoralis 3-5, Rivularia aira 6,
Katagnymene pelagicu 7, Kalagnymene spiralis 8-9, Trichodesmiwn conlOrtum 10-
JI, Trichodesmium thiehautii 12-22, Trichodesmium lenue 24-27, Trichodesmium
erylhraeum 28-35, UIOlhrix 36-37, LeplOtl1rix 38-40. In 38, Wille shows Leplolhrix
which have "grown or crept" beneath a sheath attached to Trichodesmiwn contor-
Wm (From Wille, 1904.) (p. 238).
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Figure 2. Cruise track of the Humbolt Expedition in 1889. The relative abundance
of Trichodesmium and Katagnymene COITes ponds to the height of the ordinates
along the line of trave] (see box in figure) (p. 239).
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Figure 1. a. Nadu/aria sp. obtained From Lake Michigan, USA. Sample was col-
Jected From a pelagie location in October, 1997 (sample courtesy of Dr. B. McGregor,
Dep!. Geology, Northwestern University). To our best knowledge, this is the first
sighting of this heterocystous genus in the Great Lakes. Nadu/aria spp. form large
surface bJooms in the eutrophied Baltic Sea (b), but have yet to form major blooms
in North American Great Lakes, estuarine and coastal waters. c. Anabaena sp.
found for the first time (July, 1997) in mesohaline waters of the eutrophying Neuse
River Estuary, North Carolina, USA. (p. 324).
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MARINE CYANOBACTERIA
Figure 4. Photomicrographs of "puff' (a) and "tuft" (b) shaped aggregates of the
non-heterocystous, pelagie N2 fixing cyanobacterium Trichodesmium thiebaulii.
Samples were obtained from the Gulf Stream, western North Atlantic Ocean,
approximately 100 km southeast of Morehead City, North Carolina, USA.
Photographs were made of brightfield images, showing the optically dense internai
vs. relati vely transparent peripheral regions of aggregates. Both morphologies were
capable of fixing N2 (Paerl el al., 1994). (p. 331).
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Figure 8. Spatio-temporal characterization of phytoplankton blooms in the Neuse
River Estuary, N011h Carolina, USA, during 1994- 1996, using diagnostic (for major
phytoplankton functional groups) carotenoid photopigments. Note that cyanobacte-
rial blooms were most apparent during mid- to late summer months in the oligo- to
mesohaline segments of the estuary. In mid-summer of 1995 and 1996, cyanobac-
terial blooms followed periods of extensive bottom water hypoxia and anoxia
(Paerl et al., 1998), which Jed to water column ammonium (reJeased from anoxie
sediments) enrichment (p. 339).
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Figure 1. Single cell immunofluorescence detec-
tion of PstS expression in Synechococcus sp.
WH 7803 cells grown under either P-deplete or
P-replete conditions and mixed prior to being
challenged with affinity-purified PstS primaI")'
antibody and FITC-labelled secondary antibody.
P-deplete cells are 1abelled positively (green
FITC-labelled halos around cells) whilst P-replete
cells merely show a yellow phycoerythrin auto-
fluorescence (p. 354).
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Figure 2. Ingestion of the ciliate Uronema by the oyster
Crassostrea gigas. Epifluorescence microscopic observation of
A: Uronema labelled by its cyanobacterial prey, Synechococcus.
B: Stomach content of an oyster filtrating a Synechococcus sus-
pension. C: membrane residues of Uronema in the stomach of an
oyster filtrating a previously biolabelled ciliate suspension. Sca1e
bar = 10 ~m. (p. 537).
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